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The results of Marina’s (1915) experiments on transplantation of eye 
muscles in monkeys have been used to ‘‘demonstrate the inadequacy of 
the traditional theory that function is determined by pre-existing neural 
pathways” (Fearing, 1930). Marina cut the tendons of the internal and 
external recti of one eye, crossed the muscles behind the eyeball, and 


sewed each to the place on the sclera where the other had been inserted. 
Similar transpositions were made with the superior oblique and external 
rectus, and with the superior and external recti. Within three to four 
days after the operation, when the wound had healed, eye movements, 
whether voluntary or caused by cortical stimulation, or seen in nystagmus, 
were performed in a normal or nearly normal coérdinated manner. Since 
the muscles were found to adjust themselves to their new situation with 
such promptness, i.e., muscles now moving the eye out which formerly 
moved the eye up, ete., Marina concluded that “conduction pathways 
have no pre-determined function.” 

All six external ocular muscles are involved in any movement of the 
eyeball. This is true even for a strictly lateral movement (Duane, 1924). 
We have therefore repeated certain of Marina’s experiments with a view 
to finding out first, whether coérdinated movements after operation might 
not be the result of the interaction of the undisturbed muscles, and, 
secondly, if real transference of function does take place, whether there is 
possibly a brief period of readjustment or learning which would indicate 
that the original conducting pathways are predetermined, and new ones 
must be laid down to meet the changed conditions. 

Except for operations on three monkeys, we have used dogs and cats as 
experimental animals. All animals were kept under optimum conditions 
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and seemed to experience no appreciable discomfort after the operation 
Cats and dogs are provided with four additional external ocular muscles, 
the retractor bulbi, and Knutsson (1929) has shown that these four mus- 
cles contract and relax in the same direction as the corresponding recti. 
It was therefore necessary to show whether the retractor bulbi were able 
to rotate the eyball when the other muscles were cut. We were particu- 
larly concerned with movements outward and upward. 

In a cat we cut the two obliques and all the recti except the inferior 
rectus of one eye. When the animal had come out of the anesthetic there 
was no excursion of the operated eye upward or outward as the other eye 
moved up orin. There was, however, at each shift in position of the nor- 
mal eye, a slight jerk in the operated eye, usually followed by a wink. 
Although the retractor bulbi did not produce excursions of the eyeball 
they did serve to hold the eyeball in place, since the operated eye looked 
straight forward, in spite of the fact that there was no superior rectus to 
oppose the action of the inferior rectus. 

In another cat the right external rectus had been cut away. Three 
weeks later there was no squint as the animal looked straight forward 
(fig. 1, A). When food was held to the right of the animal’s head, both 
eyes were kept in the forward-looking position, and the animal turned the 
whole head. When the food was placed on the animal’s left, both eyes 
turned left in a normal manner. Codrdinated eye reflexes from neck and 
labyrinth can be especially well demonstrated after a slight dose of sodium 
amytal. When the cat’s head was forcibly turned to the left, the left 
(normal) eye moved quickly toward the nasal side, then returned slowly 
to the forward position, while the right eye, on the contrary, remained 
stationary. When the head was moved to the right, both eyes quickly 
turned left, then returned slowly to the midline, the right eye lagging 
behind the left. Four weeks after cutting the external rectus the cerebral 
cortex was stimulated under light ether anesthesia. Stimulation of the 
right cortex caused both eyes to turn left, but stimulation of the left cortex 
caused the left eye only to move. This observation, incidentally, does not 
agree with that of Russell (1894) who found that after dividing the external 
rectus of one eye, stimulation of the eye area of the cortex on the opposite 
side caused the eye to move straight up. We stimulated the left cortex 
of another cat whose right external and internal recti were cut and again 


obtained movement only in the normal eye, the operated eye remaining 
stationary. 

In a dog whose right external rectus was detached and then sewed to 
the upper pole of the eyeball just lateral to the superior rectus, movement 
of the left eye horizontally to the nose was accompanied by movement of 
the right eye in a horizontal direction only as far as the midline; the eye 
then moved up and out at an angle of 60°. 
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It is evident therefore that the retractor bulbi an 
cannot compensate for the lack of the external 


Fig. 1. A. Right external rectus divided 3 weeks; there is no squint 
superior and external recti interchanged 6 days; good lateral movement 
superior and external recti interchanged 6 days; steady gaze forward 
superior and external recti interchanged 6 days; lag in return to forward positio 
after quick movement to right. Kk. Right superior and external recti interchanges 
2} months; good lateral movement. F. Right superior and external reeti inter 
changed 2} months; good upward movement. G. Right superior andexternal recti 
interchanged. Monkey looking straight forward, showing persisting squint due to 
slackness in attachment of transposed superior rectus. H. Right superior and 
external recti interchanged the previous day; photo immediately after removing 
bandage; right eve looks up instead of out I. Same dog as in H, 10 days after 
operation; better coordination in outward movement. J. Same dog as in H, 10 days 
after operation; quick movement to right still results in upward instead of outward 


movement. 


When the superior rectus was cut in cats, there was again no squint, 


but eve movements appeared to be normal in all directions. This indi- 
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cates that evidence of actual transference of function would be more con- 
clusive if the external rectus were to be removed and another muscle 
which had been sewed in its place were then able to turn the eve outward. 


This was successfully accomplished in a number of animals, the superior 


rectus serving as the transferred muscle. The external rectus was divided 
as far back as possible and the remaining portion with the tendon was 
entirely removed. This was to prevent reattachment of the tendon, which 
had been observed to take place when the tendon only was severed. — It was 
noted that, as certain of these animals began to come out of the anesthetic 
(amytal) and show nystagmus, the operated eye moved in normally, but 
there was little outward movement; the eye stopped at the midline. A 
few days later, movement beyond the midline was observed. When the 
cortex of these animals was stimulated under light ether anesthesia some 
weeks after the operation, the eve with the transferred muscle moved out- 
ward in each case. In one dog and in one cat it Was noticed that under 
fairly deep anesthesia (ether) the operated eye did not move straight out 
but moved up as well, approximately 45° from the horizontal. Under 
very light anesthesia the operated eye now moved more nearly horizon- 
tally. At autopsy it was found that in these two animals the superior 
rectus Was not attached quite as far down on the side of the eyball as the 
scar marking the original insertion of the tendon of the external rectus, 
but slightly above it, the direction of the pull of the transplanted superior 
rectus being up as well as out. To produce a strictly lateral outward move- 
ment of the operated eye in these animals, joint action of the inferior 
rectus, the inferior oblique, and the transplanted superior rectus would be 
necessary. This concerted action was evidently well carried out when 
these animals were unanesthetized or very slightly anesthetized, but under 
deeper anesthesia the transplanted superior rectus appeared to be acting 
alone. This upward and outward action of the transplanted superior 
rectus Was seen in certain other experiments where the operation was a 
failure in that several strands of the external rectus tendon were. still 
holding at autopsy. Direct stimulation of the superior rectus in these 
cases caused the eye to move out and up about 30° from the horizontal, 
and it was found upon dissection that the position of the muscle was such 
as to make some upward movement inevitable, 

Since in all these animals with the external rectus removed outward 
movement of the eye well past the midline was observed, the superior 
rectus must have taken over the function of the external rectus. “To pro- 
duce coérdinated movements of the eyes there must have been readjust- 
ment in the central nervous system, since now the superior rectus of the 
operated eye was acting in the same direction as the internal rectus of 
the normal eve, and antagonistically to the internal rectus of the operated 
eve, 
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In a series of animals we successfully transposed the superior and ex- 
ternal recti. We usually detached the superior rectus first and sewed it 
to the insertion of the external rectus. The external rectus was then eut 
loose, brought over the superior rectus and attached to the upper pole of 
the eyeball. The muscles were gently freed as far back as possible i: 
order that the pull upon contraction would be more nearly in a straight 
line. At autopsy it was always found that one muscle crossed over the 
other toward the posterior half of the eyeball. The direction of pull of 
the transferred superior rectus was sometimes purely lateral, though mor 
often there was some upward movement as well. The external rectus was 
always found to pull slightly out as well as up. Eye movements three to 
four days after the operation seemed to be normal as Marina had found, 
for at this time there were no strictly false movements, i.e., movements in 
the wrong direction, but it was often observed that the extent of movement 
out and up was not so great as in the normal eye and there was often a 
lag (fig. 1, B-F). 

To follow the course of transference of function from the earliest pos- 
sible moment we stimulated the cortex of several animals immediately 
after transposing the muscles. The operated eye moved up and only 
slightly out in each case. In one cat the operated eye gave slight jerks 
only as the normal eye moved in toward the nose. It was found that the 
superior rectus had been rather tightly stretched to make the attachment 
at the proper point on the eyeball, and the resulting tension was too great 
to allow the eye free movement. The superior rectus was then detached 
and the brain again stimulated. The operated eye now moved nearly 
straight up, the direction being only some 15° away from the vertical, 
while the normal eye made the usual horizontal movement toward the 
nose. As one would expect, therefore, stimulation of the opposite cortex 
immediately after transference of the muscles causes the external rectus 
to contract no matter where it is attached. 

The eye movements made by one monkey as it came out of the anesthetic 
were especially instructive. This monkey had been brought to the labor- 
atory blind in the left eye due to corneal opacity. Both eyes, however, 
moved in a coérdinated manner in all directions. The external rectus of 
the right eye was in this case attached to the top of the eye, and the supe- 
rior rectus brought down over it to be attached at the side. As the monkey 
began to come out of the anesthetic (ether) there was nystagmus; when 
the left eye moved inward horizontally, the right eye moved up and out 
at an angle of 60°; and when the left eye moved out the right eye moved 
in to a greater degree than the left moved out, as if the internal rectus of 
the operated eye were insufficiently opposed. After the monkey was well 
out of the anesthetic it made several attempts to move the eyes straight 
out to the right; this still resulted in an upward movement of the right 
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eye. The first movements, therefore, were in the direction one would 
expect if impulses to muscles were coming out over the usual pathways. 
After some fifteen minutes the upward movement of the operated eye 
synchronous with inward movement of the other eye ceased and the eye 
failed to pass beyond the midline. At this time the monkey attempted to 
roll its eyes in a complete circle. This was accomplished perfectly with 
the blind eye, but the operated eye traced a half circle only, for instead of 
completing the temporal half of its swing, the eye moved straight down the 
vertical midline. For three days after the operation the right eye was 
not seen to pass out beyond the midline and a pronounced squint was pres- 
ent. A week later the squint was much less pronounced and movement 
out was fairly good. Observations were made on this monkey for over 
amonth. The squint still persisted, though it continued to improve and 
the range of movement continued to increase (fig. 1,G). It must be re- 
membered that in this monkey the unoperated eye was blind, therefore 
there could be no incentive to straighten the eye in order to overcome 
diplopia. The improvement in movement was the result of better control 
of the transplanted muscles. At autopsy it was found that the attachment 
of the transplanted superior rectus was too slack to hold the eye out in a 
normal position, though the direction of its pull was very nearly horizon- 
tal. The external rectus came obliquely over the back of the eyeball so 
that the direction of its pull was slightly out as well as up. 

This same sequence of events was observed in dogs, viz., the first move- 
ments of the operated eye which accompanied inward movement of the 
unoperated eye were up and out, showing that the transplanted external 
rectus was still acting in conjunction with the internal rectus of the normal 
eye; but within half an hour movements of the operated eye almost ceased 
altogether, and the animal either closed the lid when the normal eye moved 
up or out, or the eye stopped at the midline in its outward movement. 
By the following day there was definite outward movement, though the 
excursion was slight, and in certain cases there was still tendency for the 
eye to turn up instead of out. In one dog it was observed that when the 
operated eye failed to assume the proper position the animal would wink 
and the position would be corrected. This correction after winking was 
noted in still another dog on the day after the operation for other move- 
ments as well as outward movement, particularly the return to the for- 
ward position. This behavior suggests that there is gradual adjustment 
to the new situation. To test whether this readjustment could take place 


without visual impressions, the eyes of several animals were bandaged 
while the animals were still urder the anesthetic, and observations made 
on the following day. This experiment was only completely successful in 
one dog since the others scratched the bandage loose. Immediately on 
removing the bandage the operated eye was found to turn up when the 
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normal eye turned in (fig. 1,H). This condition was much improved a 
week later (fig. 1, 1), though there was still a tendency to move the eye 
up instead of out if the action was a very quick one (fig. 1, J); there was 
also a distinct lag. 

About a month after transposing the muscles, when eye movements 
were apparently normal, one dog and one cat were deeply anesthetized 
and the eye area of the opposite cortex cauterized. This had no apprecia- 
ble effect on the eye movements. There was still, as far as one could ob- 
serve, perfect codrdination. Moving pictures were taken of this cat’s 
eyes and a study of these pictures gave no indication of incodrdination. 
Three months after this first brain operation the eye area of the other 
cortex was cauterized in the dog. Again no change in eye movements 
was observed either by direct observation or by inspection of moving pic- 
tures taken after this operation. Removal of the eye area of the cortex 
therefore does not make the animal lose the acquired skill in the use of 
these transplanted muscles. In other words, the change from the normal 
nervous pathway to the newly acquired one involves structures more 
deep-seated than the cortex. 


SUMMARY 


Evidence is presented that, when certain eye muscles in dogs, cats and 
monkeys are transposed, there is readjustment so that the transposed 
muscles can carry out coérdinated movements in directions quite different 
from their original ones. This readjustment does not take place immedi- 
ately but involves a short period of training. Elimination of the ‘eye 
area”’ of the cortex does not interfere with this readjustment once it is 
established. 

Acknowledgment. We wish to thank Dr. George 8. Lachman for his 
assistance in certain of these operations. 
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In a recent study from this laboratory (5) the question was explored: 
how much does each functional component of the auditory system in 
dogs contribute to actual hearing? What loss in acuity follows a given 
structural lesion? The animal’s normal threshold at 1000 cycles was 
first established; some part of its acoustic system was then removed by 
surgical means and its hearing again measured; a second and finally a 
third surgical entry eliminated other members of the system from func- 
tional participation, whereupon the remanent acuity was in each case 
again tested. By this means the significance of the following components 
of the acoustic mechanism was estimated in terms of the dog’s residual 
hearing after they had been functionally excluded: one and both cochleae, 
one and both cortical hemispheres, crossed and uncrossed fiber-tracts of 
the lateral lemnisci. These observations, seeming to contravene certain 
accepted views, were received in some quarters with a measure of skepti- 
cism. While they were deemed by us to be sound in both fact and inter- 
pretation, we yet recognized that the underlying data were at one point 
not quite satisfying. The first dog, doubtless because our technical 
procedures had not then been wholly perfected, failed to agree in its tes- 
timony with later animals. It seemed wise, therefore, both to renew and 
to extend the investigation by using a wider range of test-frequencies, 
another species. of test-animal, and a newly developed apparatus for 
measuring the sensory performance of small animals. 

ProcepurEs. The test-procedures were much like those previously 
employed. As with dogs, so with cats: once conditioned to a tonal stimu- 


lus, the animal continues to respond as the tone is made progressively 
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weaker until after a while it begins to falter, reacting sometimes but not 
always. Upon further reduction of intensity, the cat fails eventually 
to give any reply to the stimulus; this can only be interpreted to mean 
that the sound has now become wholly inaudible. Very special care is 
used to keep the conditioned activity intact, thereby assuring a definite, 
visible response whenever the cat hears the tone at all. By use of these 
and other precautions, standardized in this laboratory through several 
years (cf. 3), the auditory threshold of cats or dogs can be measured with 
a stability (standard error usually lower than one decibel) fully equal to 
the performance of graduate students. 

In respect of test apparatus, however, we departed from our former 
procedure of dog-in-stock, trained to respond by retracting the right 
forepaw from a charged grid. Instead, the cat was placed in a modified 
“squirrel cage,’ adapted from the rotary cage commonly used for measur- 
ing gross activity in small animals. It is so constructed that the cat, 
upon turning the cage about one inch when the tone is sounded, opens a 
pendulum-switch in the high-voltage circuit and thereby escapes the 
shock (full description in 2). This combination of cat and rotary cage, 
here used for the first time in a systematic investigation, fully met the 
exacting conditions of post-operative testing. The reader need hardly 
be reminded that a cat, just after cortical ablation of one hemisphere, 
is quite a different test-object than it was just before. This question ac- 
cordingly must always be faced: will the test-procedures, despite this 
temporary derangement of the animal’s vital economy, give just as reli- 
able measures after as before? The evidence presented below proves, 
in our opinion, that such was here the case. Indeed, we found the cat- 
rotary setup equal in reliability and markedly superior in efficiency to the 
conventional dog-stock combination. 

2. Three test frequencies (125, 1000, and 8000 cycles) were used, in 
order to test for functional differentiation among the lemniseal fibers in 
transmitting higher and lower frequencies. It is quite conceivable that 
the relative participation of fibers in the crossed and uncrossed lemnisci 
may vary with the stimulus-frequency. 

3. The operative procedures were much as before and need not be de- 
scribed at length. The peripheral receptors were destroyed by actual 
fracture of the cochleas. Middle-ear lesions (disarticulation of the 
ossicles, packing the tympanic cavity with wax) were avoided, their 
ineffectuality having been demonstrated before (5, p. 481). The vestib- 
ular disturbance which follows cochlear destruction soon passed away; 
in every case the cat was ready for testing the same day.* Cortical abla- 


‘The advantage of motivating the test-animal with shock instead of food clearly 
appears when the cat is still somewhat dizzy and nauseated from cochlear fracture; 
it can be accurately tested in the rotary-cage at a time when food has no incentive- 
value whatever. 
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tion, as might be expected, proved far more serious. In the first two 
cases, testing was resumed within 12 hours (cat 1) and 48 hours (cat 2) 
after operation; in the last two cases, however, the animals were not in 
condition for testing until four or five days had elapsed. 

The operative intervention was in every case carefully checked by de- 
tailed examination of the gross specimen post mortem and the cortical 
ablations verified. A summary statement of the situation in each animal, 
as revealed upon autopsy, follows: Animal 1—decortication of one hemi- 
sphere complete, no sub-cortical damage. Animal 2—decortication of 
one hemisphere complete, no sub-cortical damage. Animal 3—decorti- 
cation of one hemisphere complete; head of caudate nucleus had been 
somewhat invaded; basal hemorrhage was found on right side, lateral to 
septum and anterior to head of caudate nucleus; right rhinencephalon 
had been somewhat invaded. Animal 5—decortication of one hemisphere 
complete; internal capsule had been somewhat invaded; blood-clot in 
third ventricle. 

In order to verify complete functional elimination of one cochlea, the 
other cochlea was fractured in the same way and hearing again tested. 
Inasmuch as the cats then gave no response to tonal stimulation 125 
decibels above their normal thresholds (which failure may be accepted 
as proof of total deafness to air-borne sounds), it is clear that the first 
cochlea had been functionally destroyed. We wish to constate that the 
report of a pistol (time-honored method of testing for deafness in labora- 
tory animals) is gravely inadequate. <A guinea pig, whose threshold had 
risen 75 decibels above its normal value after cochlear injury and which 
therefore had about 50 or 60 decibels of remanent hearing, gave no per- 
ceptible startle-reflex of any kind when a pistol (0.32 caliber) was dis- 
charged on several occasions a few feet away. Since guinea pigs are com- 
monly assumed to display particularly obvious reflex-indications of 
hearing, we see how little the pistol-test means. The reason is obvious: 
to an animal with hearing thus impaired a pistol-shot sounds no louder 
than, say, ordinary conversation to a normal animal; why then should 
we expect it to be “startled?” This reveals the superiority of the condi- 
tioned method of testing for sensory acuity, where the animal is trained 
to respond to the faintest audible sounds. In the above case, the residual 
acuity was clearly demonstrated by the conditioned technique. 

EXPERIMENTAL OBSERVATIONS. 1. Acoustic value of the cochlea. In 
animals otherwise intact, the temporal bulla of one ear was entered by a 
ventral approach and the cochlea broken up. The hearing-losses range 
(table 1) from 1 to 5 decibels on the three frequencies (cats 1, 2, 3, 4). 
Inasmuch as the losses are not consistent either for a given animal or for 
a given frequency, it follows that the variations are due to errors in sam- 
pling. Table 2 gives the mean loss at each frequency for the four animals 
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(4.1 db at 125 ~, 3.1 db at 1000 ~, 3.0 db at 8000 ~ In the former 
study, hearing dropped about 3 db with one cochlea out (5, p. 479). This 
relatively small impairment agrees in order of magnitude with that which 
attends hemidecortication. This fact seems logical since each cochlea 
serves one crossed and one uncrossed set of lemniscal fibers; likewise the 


TABLE 1* 
LOSS IN ACUITY FOLLOWING 


FRE- 
gueNncy| NORMAL LIMEN Destruction of 


Left cochlea Right cochlea 


125 | 0.0 (0.75 5)/)| 46.1 (0.90 4) 
| 1000 | 0.0 (0.49 5) | 3.2 (0.99 4) 
8000 | 0.0 (0.80 : 2 (1.18 4) 


125 | 0.0 (0.40 
| 1000 | 0.0 (1.02 
| 8000 | 0.0 (0.75 


125 | 0.0 (0.63 
| 1000 | 0.0 (0.63 
8000 | 0.0 (0.75 


| 125 | 0.0 0.80 5) | | 6.2 (1.02 

1000 | 0.0 (0.40 5) | 0 (0.85 

| 8000 | 0.0 (1.02 : | 3.1 (1.95 
| 

125 | 0.0 (0.62 6) | | 14.3 (0.62 2.3 (0.62 2 

1000 | 0.0 (0.34 6 3 (1.05 2) | 5.3 (1.05 2 


(| 8000 | 0.0 (0.67 3) | | 20.3 (1.20 2) 3.3 (0.67 2 


* Interpretation: The normal limen is always set at0.0. This does not mean that 
the five cats start with identical thresholds, but simply that all changes are measured 
from the animal’s normal level. The loss in hearing after a given operation is there- 
fore directly shown by its distance from zero. The first number in each parenthesis 
is the standard error of the mean directly preceding the parenthesis; and the second 
number in the parenthesis is the number of independent measures from which the 


) 
) 
) 


mean is derived and by which the standard error is computed. The means are 
graphically reproduced in the bar diagram of figure 1 

+ No tests—animal succumbs to operation. 

t Order of procedure reversed; right cortex ablated first, then right cochlea de- 
stroyed. In all other cases, cochlea was destroyed first, followed by cortical ablation. 


cortex of each hemisphere receives the impulses delivered by one crossed 
and one uncrossed lemniscal tract. 

2. Acoustic value of the lateral lemnisci. Auditory impulses from the 
cochlea reach the brain via the lateral lemnisci. Since each of the audi- 
tory nerves contributes to both lemnisci, these tracts contain crossed as 


255 
ee Left cortex Right cortex 
22.6 (O.87 6 
l 24.2 (0.99 6 
12.9 l 5 th 
5) 1.6 (1.10 5) | 14.4 (0.65 6) 
2 5) 1.2 (1.20 5) | 16.9 (1.08 6) 
5) | | 4.4 (1.47 5)| 21.7 (0.85 6) 
5) 4.4 (0.98 5) | 14.4 (1.33 5) 
3 5) | 4.0 (0.89 5) 17.2 (1.20 5) 
5) | 3.2 (0.89 5) 16.0 (O85 5 
4 
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well as uncrossed fibers. After one-half of the cortex has been ablated, 
the only cortical terminations still intact belong to the hetero-latera! 
lemniscus. We can thus measure the relative contribution of crossed and 
uncrossed fibers by removing one or other cochlea. With the right cortex 
already out, destruction of the right cochlea will obviously eliminate from 
functional participation the crossed (hetero-lateral) component of the left 
lemniscus. Destruction of the left cochlea, on the contrary, will eliminat«¢ 
the uncrossed (homolateral) fibers of the left lemniscus. Table 1 and 


TABLE 2 
Losses in hearing following ablation, or functional exclusion, of the various component: 


of the acoustic system 


TEST FREQUENCY 


125 cycles 1000 cycles 8000 cycles 


One cochlea (Cats|} Mean 4.10 (0.84) 3.10 (0.44) | Mean 3.00 (0.44 
1, 2, 3, 4) | 
One cortex (Cat 5) 2.30 5.30 3.30 


Uncrossed tracts | 12.80 | 15.70 17.30 
(Cats 2, 3) 10.00 13.20 12.80 
Mean 11.40 14.45 | Mean 15.05 

Crossed tracts 17.50 21.00 11.70 
(Cats 1, 5) 12.00 | 12.00 17.00 

| Mean BE | Mean 14.35 


Left cortex (Cats | 7. 21.00 11.70 
1, 2) 2 15.70 17.30 
| Mean 18.35 Mean 14.50 
10.00 13.20 
(Cats 3, 5) | 12.00 12.00 


Right cortex 


| 


| Mean 11.00 | 12.60 


figure 1 exhibit in compendious form the losses due to the four possible 
combinations: 


Animal 1, left cochlea—left cortex 
Animal 2, right cochlea—left cortex 
Animal 3, left cochlea—right cortex 
Animal 5, right cochlea—right cortex 


In table 2 we find the mean loss at each frequency for both crossed and 
uncrossed tracts. Do the crossed fibers, which are far more numerous 
than the uncrossed, have a functional value correlative with their num- 
bers? Let us consider the figures for the two groups respectively. At 
125 cycles the crossed fibers surpass in functional significance the un- 
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Fig. 1. Diagram showing losses in hearing after ablation or functional exclusion 
of the various components of the acoustic system, as indicated. On the left the 
approximate hearing-range is represented as 13 bels or 130 decibels from the faintest 
audible sound to the ‘‘limit of endurance.’’ The ‘‘sound-ladder’’ [adapted from 
Beatty (1)] interprets these intensity-levels in terms of familiar sounds. The 
physical power-units rise from unity (10°), which is here set at liminal intensity fora 
normal ear, to the gigantic figure of 10'3. Further explanation in text 
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crossed by 3.35 db. (s.e. = 1.29), at 1000 cycles by 2.05 db. (s.e. = 1.50), 
and at 8000 cycles by —0.70 (s.e. = 1.57). Combining these figures the 
mean difference in favor of the crossed fibers is 1.57 (s.e. = 0.84). When 
a difference is three times as large as its own standard error, it is con- 
ventionally treated as “real” (not due to sampling errors). We find, 
however, no pair of figures here whose difference meets this criterion; 
we may therefore assume, without more ado, that the differences which 
appear are referable to random sampling, and that the crossed and un- 
crossed components are functionally equal. From these figures, then, 
several inferences are justified: a. There is no substantial differentiation 
among the lemniscal fibers in transmitting higher and lower frequencies; 
they seem to participate about equally at all frequency-levels. While the 
crossed fibers do seem to contribute more than the uncrossed to the ani- 
mal’s hearing at 125 cycles, their apparent disparity is not reliably greater 
than zero. b. For all frequencies combined, the uncrossed tracts of the 
auditory system are virtually equal in acoustic significance to the crossed 
fibers; statistically they belong to the same population. c. The mean 
impairment from loss of one cochlea being 3 to 4 decibels, and the added 
impairment from loss of one (crossed or uncrossed) lemniscal tract being 
13 to 15 decibels, we see that the animal suffers a functional loss of only 
16 to 19 decibels even when but one of the four main highways to the 
upper brain-centers is still open. This fact suggests the existence in the 
acoustic system of a liberal margin or factor of safety. 

3. Acoustic value of the cortex. In only one case (cat 5) was one-half of 
the cortex ablated prior to destruction of either cochlea; the hearing-losses 
were 2.3 db., 5.3 db., 3.3 db., a mean value of 3.6 db. (ef. table 2). As 
previously noted, these figures are indistinguishable from the figures for 
the loss of one cochlea. In both cases the impairment seems surprisingly 
small; so small indeed as to be detectable only with accurate methods of 
measurement. But may not the left half of the cortex be more important 
for hearing than is the right half? Consider the figures for the left and 
right cortex, respectively. At 125 cycles the left hemisphere exceeds the 
right in functional value by 4.15 db. (s.e. = 1.29), at 1000 cycles by 5.75 
db. (s.e. = 1.50), and at 8000 cycles by —0.40 db. (s.e. = 1.57). Com- 
bining these figures the mean difference in favor of the left hemisphere is 
3.17 db. (s.e. = 0.84). Using the conventional criterion, we could say 
that the left cortex excels the right in acoustic value at 125 and 1000 
cycles, and also for the combined figures. The presumption that we are 
here dealing with a functional superiority of the left cortex (small indeed 
but genuine) cannot be ignored. Let us examine the material further. 
Each measure of a given cat’s limen is but one sample from a whole popu- 
lation or distribution of limens, all of which are contaminated with vari- 
able errors due to casual changes both in the animal itself and in the 
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stimulating situation. The two means with which we are here concerned 
incorporate together 51 original measures; left cortex 39 limens, right cor- 
tex 21 limens. If we think of these 51 limens as drawings from the same 
urn (a population whose composition is known to be constant) and com- 
bine any 30 of them into one mean (representing left cortex) and the re- 
maining 21 into another mean (representing right cortex), what is the 
likelihood of our getting two means whose difference would be as much as 
3.77 (3.17 + 0.84) times its own standard error? The chances are less 
than 1 in 1000 (cf. 4). This means that, for cats of the same kind as those 
tested by us, the left cortex is almost certainly superior in acoustic value 
to the right, at least for the low and medial frequencies; the two belong, 
in other words, to urns of unlike composition. But is this apparently 
genuine disparity referable to other causes than left and right cortex? 
While the two right ablations were technically not quite perfect, being 
attended with minor invasions of the caudate nucleus or internal capsule, 
this subcortical damage would presumably have no effect upon our hear- 
ing-tests; but would in any event assuredly not improve the animal’s 
hearing. This contingency may therefore be dismissed. A second pos- 
sibility is that the animals with right ablations, not being tested until 
3 or 4 days later than the animals with left ablations, owing to delay in 
post-operative recovery, might have improved during that period. On 
this point we have definite evidence. The final hearing-tests were made, 
in cat 1 six days after, in cat 2 eight days after, left hemi-decortication 
had been effected. In not one case were the final limens, for all frequen- 
cies in both cats, improved over the average for the entire six post-opera- 
tive tests; or to put it otherwise, the final post-operative test, though 
later by five and six days respectively than the first test, was in three 
cases identical with it; in two cases was superior by 2 and 4 decibels, and 
in one case was inferior by 2 decibels. Changes in threshold during the 
first six or eight days after operation may therefore be dismissed as negli- 
gible. 

In view of all the evidence we can say with considerable, but not com- 
plete, assurance that the two halves of the cortex in cats are not exactly 
equal in acoustic function; any disparity which may exist favors the left 
hemisphere but is at most inconsiderable. 

Discussion. In addition to the specific results above set forth, one 
or two comments may be added. As in the former study, the homo- 
lateral fibers in the cat prove to be just as significant for purposes of 
hearing as do the anatomically much more extensive crossed tracts. 
Likewise the superiority of the left cortex if genuine is relatively incon- 
siderable. While dominance of the left hemisphere may well be more 
pronounced in man than in eat or dog, these results suggest that marked 
disparity in sensory function does not generally characterize the two 


260 WwW. J. BROGDEN, E. GIRDEN, F. A. METTLER AND E. CULLER 


hemispheres in higher animals. Most of all these figures reveal a safety 
factor in the acoustic system such that serious anatomical lesions have 
but little functional effect. A loss of 50 per cent of the organism’s acous- 
tic equipment (by unilateral cochlear destruction or by ablation of one 
half of the cortex) reduces the animal’s sensitivity-range by only 2 or 3 
per cent. It seems unlikely that a loss of 3 decibels in acuity would 
appreciably impair the animal’s chances for survival; in which case we 
may properly speak of a safety factor of two. Indeed we may question 
whether the mortality-ratio among cats would be seriously increased by 
a loss of three-fourths of their normal acoustic equipment, that is, by a 
functional attenuation in hearing of 16 to 18 decibels (safety-factor of 
four). In any event nature seems to have used a safety-ratio which 
would meet the requirements of modern engineering standards. 

It is this safety-factor which serves to explain why the crossed and 
uncrossed fibers, though anatomically unequal in number, are functionally 
equivalent. The oft-cited analogy of the ‘burning fuse’’ may serve to 
picture the situation. One might say that each cochlea employs two 
paths, one of a single fuse (uncrossed fibers) and one of two or three fuses 


‘ 


crossed fibers). The single fuse will be “activated” with just as low an 
activate” the higher centers just 
(or almost) as effectively as will several fuses. The main advantage of 


having more than one ‘“‘fuse”’ is that, when one is damaged, the others 


input in the cochlea and will in turn 


may carry on. 


SUMMARY 


1. Destruction of one cochlea, in a cat otherwise intact, is followed by 
a hearing loss of 3 to 4 decibels. Destruction of both cochleae eventuates 
in total deafness to air-borne sounds (no response to tones 125 decibels 
above the animal’s normal threshold). 

2. Ablation of a single half of the cortex is followed by a hearing loss 
of the same magnitude—3 to 5 decibels. Statistical analysis indicates 
that the left hemisphere may be slightly superior in acoustic value to the 
right; but in any event there is no substantial disparity. 

3. In eats with one half of the cortex ablated, destruction of the hetero- 
lateral cochlea causes an additional drop in acuity, owing to exclusion of 
the crossed fibers of the lateral lemniscus, of 15 decibels. 

4. In cats with one half of the cortex ablated, destruction of the homo- 
lateral cochlea causes an additional drop in acuity, owing to exclusion otf 
the uncrossed fibers of the lateral lemniscus, of 13 to 14 decibels. 

5. It follows that the uncrossed fibers of the auditory system are vir- 
tually equal in acoustic significance to the crossed components. Statis- 
tical analysis fails to reveal even a presumptive superiority of the crossed 
pathways. 
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6. The evidence discloses a satisfactory safety-factor in th 


system, which compares favorably with that found in other phy 


systems and with good engineering practise. 
7. By use of testing-equipment recently developed in this lab 


¢ 


it was made feasible to institute a systematic program of 
hearing-tests in post-operative cats. 


8. The above conclusions confirm and considerably extend conclusions 


previously derived in this laboratory from dogs. 
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The question of the manner of disposition of heat by the animal body 
is of especial interest and importance, because it is intimately connected 
with the relation between the insensible loss in weight and the energy 
metabolism, and with the problem of determining the heat production 
without the aid of a calorimeter or respiration apparatus. The heat 
produced in the body is eliminated in two principal ways: 1, by radiation 
and conduction, and 2, by vaporization of water from the skin and lungs. 
A relatively small amount of heat is lost through warming the inspired air 
and the ingested food and water. Because heat elimination practically 
always equals heat production (in homotherms), an inverse relation exists 
between the proportions of heat production which are liberated through 
the two principal channels. Any factor, therefore, which influences in a 
certain way the proportion of heat eliminated through vaporization of 
water will have the opposite effect on the proportion of heat dissipated by 
radiation and conduction, and vice versa. 

Although various factors affecting the vaporization of water have been 
investigated, relatively little attention has been given to the influence of 
the amount of food consumed on the vapor heat quotient, that is, on the 
percentage of heat production represented by the latent heat of water 
vaporized. 

It is a well established fact that food consumption causes an increase in 
the amount of water vaporized and in the total insensible weight loss. 
Evidence to this effect is found in the reports of Benedict and Ritzman 
(7), Kriss (21) and Hovland (19). Is the increase in water vaporization 
a direct function of the increase in metabolism? The answer to this 
question depends on whether or not the vapor heat quotient is the same 
under feeding conditions as under conditions of fasting, and on whether 
or not this quotient remains constant under different planes of food in- 
take. These questions are of importance, especially, as applying to 
subjects undergoing marked changes in the plane of nutrition, such as 

1 Authorized for publication on June 1, 1936 as paper no. 731 in the Journal 
Series of the Pennsylvania Agricultural Experiment Station. 
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frequently occur in nutrition investigations with animals. Definite in- 
formation on these points is lacking. 

In a statistical study of respiration calorimetric data for cattle Kriss 
(22) has found a considerably higher coefficient of correlation between 
the dry matter of the food consumed and the heat production than be- 
tween either the water vapor or insensible weight loss and the heat produc- 
tion. These findings suggested a possible influence of the amount of food 
consumed on the proportion of heat lost through vaporization of water. 

In order to obtain more definite evidence regarding the way the dis- 
posal of heat is influenced by the plane of nutrition, a further analysis 
has been made of the respiration calorimetric data of the Pennsylvania 
Institute of Animal Nutrition, approaching the problem from a different 
angle. This constitutes the basis of the present paper. 

In this study changes in the vapor heat quotients are compared directly 
with changes in 1, the metabolizable energy of the rations; 2, water con- 
sumption, and in 3, the total heat production of the same experimental 
animals. Food consumption appears to have such a definite influence on 
water consumption that any study of the influence of plane of nutrition 
on the water vaporization must also include a consideration of the amount 
of water consumed. 

Data. The data upon which the present paper is based were derived 
from twenty series of energy metabolism experiments with steers and 
six series of such experiments with cows, all of which were conducted with 
a respiration calorimeter. The experiments with steers were conducted 
with sixteen individual animals and comprise ninety-nine experimental 
periods. The experiments with cows comprise twenty-one experimental 
periods involving four individual animals. 

Each of these series of experiments, except two, includes from three to 
seven experiments which were conducted during one season with one and 
the same animal on different planes of food intake. In some of these 
series the planes of nutrition varied from fasting to full feed. 

Several of the published calorimetric experiments were omitted from 
the present study, either because they did not involve any considerable 
variations in the planes of nutrition, or on account of some other ex- 
perimental conditions which rendered them unsuitable for the present 
purpose. 

The data include 1, the metabolizable energy of the daily ration; 2, 
the daily water consumption; 3, the daily heat production, and 4, the 
latent heat of water vaporization as per cent of the total heat production. 

The data for heat production used in this study are those obtained by 
direct calorimetry during periods of two or three days. The amounts of 
water consumed and of water vaporized were determined for the same 
intervals. The temperatures of the calorimeter were very uniform, 
especially during any one series of experiments here considered 
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TABLE 1 
The percentages of heat eliminated by vaporization of water by cattie at different planes 
of nutrition 
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For each period the percentage of heat lost through vaporization of 
water (the vapor heat quotient) was calculated on the basis of data for 
water vapor which include the water that was condensed on the cooling 
system in the calorimeter. This calculation was necessary because, 
while in all the published balances of water from this Institute the data 
for water vapor do include the water condensed in the calorimeter, the 
data for latent heat of water vapor are in some cases based on the quanti- 
ties of water measured in the air current only. The recalculated vapor 
heat quotients are given in table 1. 

All data (except for expt. 235) are presented graphically in figures 1 
to 4. The experimental periods in each series are arranged in the order 
in which the experiments were originally conducted, and as indicated in 
table 1. The successive periods are used as abscissae, and the values for 
metabolizable energy, heat production, water consumption and vapor 
heat quotients are used as ordinates. 

Discussion. The graphs are, in a large measure, self-explanatory 
They reveal in a striking manner not only that the vapor heat quotients 
are influenced by the intensity of the metabolism but that the changes in 
these quotients follow more closely the changes in the total metabolizable 
energy of the ration than they do the changes in the heat production. 
This indicates that while the metabolism is increased with an increase in 
food consumption, the amount of water vaporized is increased in larger 
proportions than is the total heat production. 

The metabolizable energy curve together with the curve of heat produe- 
tion show at a glance what the plane of nutrition was for the animal in 
any period. Since the difference between the metabolizable energy of 
the ration and the heat production equals the energy gain or loss by the 
body, any point on the metabolizable energy curve lying above the curve 
of heat production represents supermaintenance feeding; those points 
lying below the heat production curve represent submaintenance planes, 


while the point of intersection of the two curves indicates energy equilib- 
rium. 
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It is important to note, in the graphs, how closely the quantities of water 
consumed (in kilos) follow the metabolizable energy of the rations (in 
Therms). While the feeding of the animals was controlled, water was 
offered to the animals once or twice during twenty-four hours, ad libitum. 
The animals themselves then regulated their intake of water in accord 


210 20 
steer STEER 


200 | e€xP 207 
STEER A STEER A 


exe 
STEERG 


+ 


200 €xP 207 
STEER B _ STEERS 


Exp 208 “A. 209 
STEER E 


WATER CONSUMPTION (KILOS) 
METABOLIZABLIE EWERGY (THERMS) 
RODUCTION ( THERMS) 


Fig. 1 Fig. 2 
Fig. 1. The relation between metabolizable energy of the ration, water consump- 
tion, heat production and the percentage of heat eliminated through vaporization 
of water by steers. 
Fig. 2. The relation between metabolizable energy of the ration, water consump- 
tion, heat production and the percentage of heat eliminated through vaporization of 
water by steers. 


with the ration. It is possible that this adjustment of the water intake 
to the rations fed is one of the important factors which are immediately 
responsible for the changes in the vapor heat quotients which accompany 
the changes in the planes of nutrition. Indeed, the graphs indicate that 
in most of the experiments the water consumption and the metabolizable 
energy of the rations are about equally well correlated with the vapor 
heat quotients. 
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Whether water administration per se influences the rate of vaporization 


of water from the body, or the insensible weight loss, is a question con- 
cerning which there is considerable controversy in the literature. Schwen- 
kenbecher (26), using the chamber method for measuring the water evapo- 
rated from the skin directly, reported that the administration of large 
quantities of water had no effect on the rate of vaporization of water from 
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Fig. 3. The relation between metabolizable energy of the ration, water consump- 
tion, heat production and the percentage of heat eliminated through vaporization of 
water by steers. 
Fig. 4. The relation between metabolizable energy of the ration, water con- 
sumption, heat production and the percentage of heat eliminated through vaporiza- 
tion of water by cows. 


the skin. Erisman (9), Moog and Mauck (24), and Manchester, Husted 
and McQuarrie (23), however, observed a relationship between the water 
consumption and the insensible loss. The latter investigators also found 
that the type of diet and the mineral content of the ingesta apparently 
influence the insensible loss, and suggest that these factors should be con- 
sidered in the interpretation of results when the regimen is undergoing 
sudden changes or is extreme in any respect. 
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Newburgh and Johnston (26) made the observation that the discomfort 
produced by the curtailment of water led their subject (a man) to omit 
many of his accustomed activities, with the result that the insensible loss 
was lowered. In a subsequent experiment, with the same subject, they 
found that dehydration to the extent of removing approximately 6 per 
cent of the body water, was without effect on the percentage of heat loss 
by vaporization of water. 

Gilman and Barbour (18) measured the rate of insensible weight loss 
in rabbits before and after administration of hypertonic saline and water 
in comparison with control subjects receiving isotonic saline. The extent 
of hydration or dehydration was indicated by measurements of the osmotic 
pressure of the blood. The authors observed that an increase in blood 
osmotic pressure caused a marked decrease in the rate of insensible weight 
loss, whereas a decreased osmotic pressure of the blood resulted in an in- 
creased rate of water vaporization from the skin and lungs. 

From a consideration of the foregoing it appears that the water consump- 
tion can not be overlooked in the interpretation of the parallelism which 
is shown in our graphs between the amounts of food metabolized and the 
vapor heat quotients. On the other hand, the water intake can not be 
regarded as the primary cause for this parallelism, because, while the 
relation between food and water consumption is probably not fortuitous, 
the quantities of food metabolized were, of course, not determined by the 
water intake, the reverse being apparently true. 

Since in the normal nutrition of animals it is not practicable to eliminate 
variations in the water intake, especially when considerable changes in 
the food intake are made, it would seem impossible, under such condi- 
tions, to evaluate the effect of the ration on the manner of heat disposal 
apart from the accompanying effect of the water consumed. From this 
point of view it seems necessary to regard the influence of the plane of 
nutrition on the vapor heat quotients as being represented by the aggregate 
effect of the food and water consumed. 

Another important factor which it is necessary to consider in the inter- 
pretation of the results presented in this paper is the coat of hair of the 
animals. It was shown elsewhere by Kriss (21) that the insensible weight 
loss of steers was greatly influenced by this factor, and that this influence 
could not be related to the metabolism. 

In a comparison of the insensible loss of steers 259 and 260, experiment 
235, it was found that under identical feeding conditions, the insensible 
loss of steer 260, which had his full winter coat of hair, was considerably 
greater than that of steer 259 which had been shorn. This is verified by 
the vapor heat quotients for these animals as shown in table 1. Whereas 
in periods 2 and 3 these quotients are 20.4 and 24.4 with steer 259, they 
are 35.3 and 37.7 with steer 260 in the corresponding periods. In connec- 
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tion with the present study it is interesting to note that in both the 
and unshorn animals the vapor heat quotients were influenced by the 
plane of nutrition. 

In all steer experiments presented in table 1, except experimer 
240, 261, and experiment 235—steer 260, the animals were clipped ones 
at the beginning of the season, and they were brushed before each calori- 
metric experiment. In experiments 238, 240, 261 and 235—steer 260 
and in all the experiments with cows, the animals were not clipped. The 
relatively high vapor heat quotients observed in some of the experiments 
with the unclipped animals as compared with those obtained with the 
clipped animals at comparable planes of nutrition may be due to an ap- 
preciable extent to the coat of hair. 

In each individual series, however, any influence of the growth of hair from 
one period to another may reasonably be expected to be in one direction 
In view of the fluctuations of the vapor heat quotients in any series of 
experiments in accord with variations in the rations, regardless of whether 
the animal was clipped or not, and, in case it was clipped, regardless of 
the lapse of time from the time the clipping was done, the influence of 
the plane of nutrition on the vapor heat quotients appears to be very 
definite. 

A factor which is apparently less important than either the temperature 
of the environment, the water consumption, or the coat of hair of the ani- 
mal, but which probably contributed somewhat to the variations in the 
vapor heat quotients, is the relative humidity of the air in the chamber 

The moisture content of the air in the chamber was undoubtedly sub- 
ject to variations depending not only on the moisture content of the 
incoming air, but also on the rate of ventilation, on the amount of water 
vaporized from the animal body, and on the amount of water condensed 
on the cooling system. In some of the experiments the rate of ventilation 
was kept constant in the different experimental periods. In others it 
was occasionally changed from one period to another when a marked 
change in the plane of nutrition occurred, a greater rate of ventilation 
being allowed at the higher planes in consideration of the comfort of the 
animal. It is obvious that even in those experiments in which the rate 
of ventilation was constant for all the periods, the relative humidity could 
be affected by the amount of water vapor produced in the chamber. 

In a recent investigation by Forbes, Braman and Kriss (15) of the in- 
fluence of the rate of ventilation and of the relative humidity of the air 
on the heat production of a cow, it was observed that, with the ingoing 
air containing its natural moisture, a marked change in the rate of ventila- 
tion, which was accompanied by a marked change in the relative humidity 
of the air in the chamber, had a relatively slight effect on the vapor heat 
quotients. The effect was greater when the ingoing air was freed from 
moisture by freezing. 
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Thus, in four consecutive days, during which the ration was unaltered, 
but with changes in the rate of ventilation from one day to the other, 
the relative humidity of the air in the chamber was 68.4, 87.3, 66.3 and 
90.0 per cent, and the vapor heat quotients were 39.8, 40.0, 42.2 and 39.1. 

When the ingoing air was freed from moisture by freezing, the relative 
humidity of the outcoming air in four different days was 54.7, 84.2, 
58.9 and 86.8 per cent, and the vapor heat quotients in the corresponding 
days were 41.1, 38.7, 46.1 and 40.6. 

It should be clearly understood that the foregoing tests involved very 
drastic changes in the rate of ventilation, the rapid rate being about seven 
times the slow rate. Such extreme variations in the rate of ventilation 
never occurred in any of the series of experiments presented in table 1. 

In the light of the foregoing discussion it may be assumed that the varia- 
tions in the vapor heat quotients in the several series of experiments under 
consideration, were to an indeterminable extent, affected by the relative 
humidity, but that the effects were probably not great. 

It will be observed, in table 1, that the variations in the vapor heat 
quotients, even during any one season with one and the same animal, 
are of considerable magnitude. The largest variations occur in experi- 
ments 240 and 217. 

In experiment 240 the planes of nutrition varied from fasting to about 
three times the maintenance requirement. The vapor heat quotients 
vary with one animal (steer 57) from 26.6 per cent to 43.9 per cent, and 
with another animal (steer 60) the extreme variation in the quotient is 
from 22.2 per cent to 46.2 per cent. 

In experiment 217 the animal (steer J) was in an unfattened condition 
during periods 1 and 2. Between periods 2 and 3 the steer was fattened, 
and he was used in the fattened condition in periods 3 and 4. In the un- 
fattened condition the vapor heat quotient was changed from 24.2 in 
period 1 to 48.1 in period 2, when the ration was approximately doubled. 
In the fattened condition the vapor heat quotient was reduced from 45.9 
to 32.1 when the ration was reduced to about one-half. In both the fat- 
tened and unfattened condition there was a marked response of the vapor 
heat quotient to the changes in the plane of feeding. 

Of especial interest are the data of experiment 212. In this experiment 
the changes in the plane of nutrition were not very great, but as shown in 
the graphs (fig. 2) there is a remarkable parallelism between the vapor 
heat quotient curve and the curve representing the metabolizable energy 
of the ration, although no such parallelism is shown in this experiment 
between the water consumption and the vapor heat quotients. 

Of the experiments with the cows here considered (fig. 4) all but one 
series (221G) were conducted with the animals in the dry condition. In 
experiment 221G there were marked changes in the rations while the 
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animal was lactating. No particular effect is noticed of this condition of 
the animal on the relationship between the vapor heat quotients and the 
planes of nutrition. 

It will be observed that in the experiments with cows the vapor heat 
quotients in the fasting periods were considerably lower than in the periods 
of maintenance. A similar situation was not found to prevail in the 
experiments with steers. In these experiments the vapor heat quotients 
are practically constant for the animal between the fasting and the main- 
tenance levels. Thus, in experiment 238, steer 47, the vapor heat quotients 
in the fasting, one-half maintenance and maintenance periods (periods 11, 
5 and 7) are 27.6, 26.0 and 27.3, respectively. With steer 36 at similar 
levels (periods 12, 6 and 8) these quotients are 24.1, 24.0 and 26.8. In 
experiment 240, steer 60, the quotients, at the three levels indicated above 
(periods 15, 11 and 1) are 23.7, 22.4 and 22.2, and with steer 57 (periods 
14, 10 and 2) the quotients are 28.1, 27.7 and 26.6. 

These results with steers are in harmony with the observations by 
Johnston and Newburgh (20) on human subjects that small quantities of 
food (below maintenance) do not alter materially the percentage of heat 
loss through vaporization of water. They are, evidently, in conflict with 
the results obtained with the cows, when the comparison is made between 
the fasting and the maintenance levels. In the experiments with the 


cows, however, there was no submaintenance feeding comparable to the 
low levels of feeding which occurred in some of the steer experiments. 
In general, it appears that between fasting and maintenance the effect of 
the ration on the vapor heat quotients is proportionately less than above 
maintenance. 


In an attempt to give numerical expression to the observed parallelism 
between the metabolizable energy of the rations and the percentages of 
heat lost by vaporization of water, the differences in metabolizable energy 
between consecutive periods were calculated in each series of experiments 
and compared with the corresponding differences in the vapor heat quo- 
tients. By dividing the first set of data into the second set ratios were 
determined which showed the increases or decreases in percentage of heat 
lost by vaporization of water per 1 Therm (1000 kilogram-calories) increase 
or decrease in metabolizable energy. It is a significant fact that out of 
84 such determinations 80 ratios were positive and only 4 were negative. 
In other words, in 95 per cent of the cases a change in the metabolizable 
energy of the ration in any direction was accompanied by a change in 
the vapor heat quotient in the same direction. 

The ratios, however, showed great variability. The mean of all 84 
determinations was found to be 0.92 + 0.191. The standard deviation 
was + 0.823, and the coefficient of variability was 89.5 per cent. The 
average of all (47) ratios for the clipped animals was found to be 0.69 + 
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0.066 with a standard deviation of + 0.667 and a coefficient of variability 
of 96.7 per cent. The average of all (37) ratios for the animals which were 
not clipped was 1.21 + 0.105, the standard deviation being + 0.960 and 
the coefficient of variability being 79.3 per cent. The data indicate that 
clipping of the animals reduces but does not eliminate the effects of the 
plane of nutrition on the vapor heat quotients. 

All the foregoing discussion leads to the obvious conclusion that the 
plane of nutrition influences the manner of heat disposal, relatively greater 
proportions of heat being liberated by vaporization of water at the higher 
planes of food intake. This is probably one of the important reasons why 
the coefficients of correlation between the insensible weight loss and the 
heat production, and between the water vaporized and the heat produc- 
tion were found by Kriss (22) to be lower than the coefficient of correlation 
between the dry matter of food consumed and the heat production. 

It follows that the computation of the heat production of cattle from 
the insensible weight loss at markedly different planes of nutrition, in- 
cluding supermaintenance feeding, can not be accomplished with an ac- 
curacy sufficient for research purposes by assuming that the percentage 
of heat lost by vaporization of water is the same at all levels of feeding. 


SUMMARY AND CONCLUSIONS 


Comparisons of the metabolizable energy of the rations of steers and 
cows, in 120 experimental periods, with 1, the percentage of heat lost by 
vaporization of water; 2, the total heat production, and 3, water consump- 
tion, reveal the following facts: 


There is a striking parallelism between the percentages of heat lost by 


vaporization of water, Therms of metabolizable energy and kilograms of 
water consumed. 

Changes in the proportions of heat lost by vaporization of water follow 
more closely changes in the metabolizable energy than they do the changes 
in the heat production, thus indicating that while the metabolism is in- 
creased with an increase in food consumption, the amount of water vapor- 
ized is increased in larger proportions than is the total heat production. 

In 95 per cent of the comparisons a change in the metabolizable energy 
of the ration in any direction was accompanied by a change in the vapor 
heat percentage in the same direction. Hence, greater proportions of 
heat are lost by vaporization of water at the higher planes of nutrition. 

The extreme variation in the percentage of heat liberated by vaporization 
of water was, with one animal, from 22.2 per cent to 46.2 per cent. 

The data indicate that between fasting and maintenance the effect of 
the ration on the vaporization of water is proportionately less than above 
maintenance. 

Clipping of the animals reduces but does not eliminate the effects of the 
plane of nutrition on the manner of heat disposal. 
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The data lead to the conclusion that it would not be justified t 


that individual animals eliminate the same proportions of heat by 


zation of water regardless of the level of feeding. 
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The idea that the adrenal cortex may participate in the regulation of 
carbohydrate metabolism has formed the basis for one theory (1) explain- 
ing the vital importance of this tissue. Opposed to the carbohydrate 
theory of the nature and cause of adrenal cortical insufficiency is the 
hypothesis that the adrenal cortex is primarily concerned with the regula- 
tion of the metabolism of inorganic salts and water (2, 3). 

One phase of endogenous carbohydrate metabolism which is of vital 
importance to the animal has received little consideration in pathological 
conditions, namely, the synthesis of liver glycogen from muscle (dextro) 
lactic acid. The observation that lactic acid is produced only slowly by 
the autolyzing gastrocnemius muscle of adrenalectomized cats, although 
blood lactic acid is known to be high in such animals, led to the hypothesis 
proposed in 1932 by Buell, Strauss and Andrus (4) that glycogenesis from 
d. lactic acid may not take place readily in the livers of adrenalectomized 
animals. The present paper reports a systematic study of the fate of d. 
lactic acid in the tissues of adrenalectomized animals (rats) in a variety of 
carefully controlled conditions. 

EXPERIMENTAL. Plan of experiments. The experimental plan adopted 
was similar to that used previously in the study of a related problem (5). 
In brief, known quantities of d. lactic acid, brought to pH 7 with sodium 
hydroxide, were introduced by stomach tube into young male rats which 
had been fasted for 24 hours. A comparison of the distribution of com- 
pounds participating in the metabolism of carbohydrate in control and 
lactate-fed animals three hours after feeding revealed in part the fate of 
the ingested lactate. 

The power of the liver to form glycogen from absorbed d. lactate was 
studied in the following conditions: 1, in normal animals; 2, in adrenalec- 
tomized animals maintained in chronic adrenal insufficiency by the use of 
inadequate amounts of extract prepared by the method of Grollman and 
Firor (6); 3, in adrenalectomized animals maintained in good condition by 
the substitution of the salt solution of Rubin and Krick (7) for drinking 


1 Fellow in Medicine of the Rockefeller Foundation. 
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water; 4, in adrenalectomized animals maintained in good condition by 
mixing with the food a potent charcoal adsorbate? prepared from beef 
adrenal glands by the method of Grollman, Firor and Grollman (8), and 
5, in adrenalectomized animals sustained by the combined use of inorganic 
salts and charcoal adsorbate. It was hoped to find out whether or not the 
critical carbohydrate levels found in adrenal insufficiency were present also 
in adrenalectomized animals maintained by the use of inorganic salts. 

Choice of animal. The rat was chosen as the experimental animal be- 
cause it is small and because its metabolism is known to parallel that of man 
in many important respects. Some hesitancy was felt in the use of the 
rat because of frequent reports of the development of accessory cortical 
tissue in this species, as reflected by the long survival of adrenalectomized 
animals without supplementary therapy. Under our conditions, i.e., 
with the strains of rats, diet, and operative technique used, and a maximum 
interval of 20 days between operation and sacrifice of the animals, this 
proved not to be a real danger.* This point was frequently and carefully 
tested. Either one of a group of adrenalectomized rats was selected at 
random, given no protective therapy, and allowed to die of acute adrenal 
insufficiency as a test control; or whole groups which were growing rapidly 
were temporarily deprived of therapy until an adverse effect on the animals 
had been established as determined by their growth. Daily weight rec- 
ords of the animals were kept. The growth of all the animals compared 
favorably with that of normal animals which had undergone a sham opera- 
tion, with the exception of the animals which were allowed to go into 
insufficiency. These animals lost weight. 

Only male rats were used in order to eliminate the effect of the sexual 
cycle in the female, and to avoid the differences between the sexes in the 
distribution of carbohydrate in the tissues (9, 10). They weighed between 
100 and 150 grams, at the time they were used. The rat offers a disad- 
vantage in the study of this problem, inasmuch as the muscle glycogen in 
this species falls less abruptly after adrenalectomy than that of the cat 
(4) and dog (11). 

Operative treatment. The animals were kept for a few days on the 
standard laboratory diet* before adrenalectomy. The operation was per- 


2 The charcoal was mixed with the food in amounts which provided each animal 
about 0.2 gram charcoal daily. 

3 Rats weighing about 100 grams which were adrenalectomized and given either 
Rubin-Krick (7) salt solution or 0.9 per cent sodium chloride solution, all remained in 
excellent condition and grew normally during the five months following operation. 
When at this time tap water was substituted for salt water, most of them died within 
7 days, with no evidence of accessory cortical tissue demonstrable pathologically. 

4 The diet had the following composition, expressed in grams per hundred: yellow 
maize 57, linseed oil meal 12, casein 3.8, alfalfa 1.5, iodized salt 0.4, calcium chloride 
0.4, powdered whole milk 25. 
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formed by the lumbar route under the initial guidance of Dr. W. M. Firor, 
with phanodorn or nembutal anesthesia administered intraperitoneally. 
Removal of both adrenal glands took less than five minutes. The animals 
were kept for a period of at least two weeks before use in order that they 
might recover from the operative shock and that there might be adequate 
time for the attainment of the physiological adjustments desired. 

Experimental procedure. The lactic acid was prepared by the continu- 
ous ether extraction of an acidified solution of the zine salt of d. lactic acid 
which was obtained from Prof. W. H. Peterson of the University of Wis- 
consin ({a]?? = —8.25). It was brought to pH 7 with sodium hydroxide. 
The amounts of lactic acid given to the animals were varied in such a way 
that the amounts absorbed by all groups were comparable. 

All animals received no food for 24 hours before the experiment. The 
adrenalectomized animals which were maintained in good condition re- 
ceived suitable protective therapy (charcoal adsorbate or salt water) dur- 
ing the fast. At the beginning of the experiment a stomach tube was 
passed and 2 ml. of fluid were given,—lactic acid solution to the experi- 
mental animals and the fluid which the animal had been drinking (water 
or salt solution) to the control animals. 

After a three hour interval in an individual metabolism cage the animal 
was given sodium amytal intraperitoneally. The following procedure was 
carefully timed and accurately controlled in order that the effect of manipu- 
lation on both control and experimental animals should be the same. 
When anesthesia was complete, both gastrocnemii were rapidly dissected 
out for the determination of glycogen and moisture. The head was cut 
off, and blood was collected from the neck veins. The entire liver was 
rapidly excised, part being used for a glycogen determination and part for 
a moisture determination. The alimentary tract was then tied at each 
end, dissected out, minced and extracted three times with boiling water 
for a lactic acid determination. The urine remaining in the bladder was 
expressed and added to that in the cage for a lactic acid determination. 

The chemical methods employed were those previously described (5). 
The moisture was determined as the loss in weight of the tissue after being 
heated at 105° for 48 hours. Absorption of lactic acid was calculated as 
the difference between the amount given and the amount found in the 
alimentary tract, allowance being made for the small quantities found in 
the alimentary tracts of the control animals. No significant quantities of 
lactic acid were found in the urines. 

RESULTS AND Discussion. A summary of the results is given in table 1. 

Absorption of lactic acid. It was found that in adrenal insufficiency the 
rate of absorption of lactic acid was greatly reduced as compared with 
normal animals (62 mgm. as opposed to 108 mgm., in three hours when 
170 mgm. were given per 100 grams body weight). Cori and Cori (12) 
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similarly found a reduced rate of glucose absorption in fasting adrenalec- 
tomized rats. This reduced rate of absorption was the limiting factor in 
determining the maximum amount of lactic acid which could be introduced 
into the body successfully by way of the gastro-intestinal tract. The ab- 
sorption of lactic acid was good in the salt-fed and charcoal-fed groups. 

Normal animals. The normal fasting animal was in no acute distress 
for lack of carbohydrate, having appreciable reserves of glycogen still 
available in the liver, an adequate blood sugar, and no accumulation of 
lactic acid in the blood. Evidently the normal animal was able to use 
non-carbohydrate compounds during the fast to maintain a reserve of 
liver glycogen and blood sugar. The absorption of 60 mgm. of lactic acid 
by the normal 100 gram rat resulted in a deposition of glycogen in the 
liver, with no change in blood sugar, and no great accumulation of lactic 
acid in the blood. 

Animals in adrenal insufficiency. The control group of fasted rats in 
adrenal insufficiency presented a picture of animals in obvious distress for 
lack of carbohydrate, the blood sugar being less than half that of the nor- 
mal controls in spite of the hemoconcentration, and in spite of the fact 
that there was still some glycogen in the liver. The absorption of 62 
mgm. of lactic acid brought about several changes, the most striking of 
which was the great accumulation of lactic acid in the blood. Obviously 
the liver failed to perform its function of removing lactic acid from the 
blood stream at the normal rate. That there was some conversion of 
blood lactic acid into liver glycogen, however, was attested by 1, the in- 
creased liver glycogen, and 2, the increased blood sugar. Changes in 
muscle glycogen were too small to be interpreted definitely as being signifi- 
cant, but were in the expected direction. In view of the fact that so 
much lactic acid remained unchanged in the blood stream and tissues, it 
is evident that the animal in adrenal insufficiency made some use of the 
small amount of added carbohydrate that was actually available to it, i.e., 
the portion that was successfully converted into liver glycogen. Unfortu- 
nately no carbohydrate balance could be calculated for these experiments 
because the usual assumptions on which such calculations are based ob- 
viously are invalid in these conditions. The salt-sustained animals, which 
to all appearances were normal, were found after fasting to be in a condi- 
tion in some respects as precarious for lack of carbohydrate as those in 
adrenal insufficiency. Although the “clinical condition” of the two groups 
afforded the greatest contrast, their carbohydrate picture was similar 
inasmuch as the glycogen reserves were low and the utilization of the d- 
lactic acid was poor in both cases when compared with the normal. The 
blood sugar, however, was somewhat higher in the salt-sustained animals 
than in those in adrenal insufficiency. If this difference in blood sugar is 
significant it may account in part for the superiority of the salt-sustained 
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animals over those in insufficiency. The fact that there was hemocon- 
centration in the animals in insufficiency in contrast to hydremia in the 
salt-sustained group makes comparisons of the composition of the blood 
of these animals precarious. The apparent blood lactic acid level of the 
lactate-fed animals was higher in animals in insufficiency than that in the 
salt-sustained animals. The striking contrast however lay between the 
relative failure of both the salt-fed animals and those in adrenal insuff- 
ciency to utilize the d-lactic acid as a source of liver glycogen and blood 
sugar as compared with the success of both the normal animals and the 
adrenalless animals sustained with charcoal adsorbate in utilizing the same 
compound.® 

Animals protected by charcoal adsorbate. The fasted control group was 
characterized by low blood sugar and liver glycogen values, as compared 
with the normal control group in spite of the fact that the animals ap- 
peared to be in excellent condition and had access to the cortical hormone 
during the twenty-four hour fasting period.’ In fact, the carbohydrate 
picture of this control group, as judged by the determinations made, ap- 
peared equally as critical as that in the control group sustained with salt 
or that in chronic insufficiency. 

If the charcoal preparation were a complete substitute for the adrenal 
cortex, as revealed by studies of the endogenous metabolism, the carbo- 
hydrate stores of the control charcoal-fed animals (group 4A) should have 
been as good, or nearly as good, as those of the normal control group (1A). 
This proved not to be the case, and suggests the possibility that the corti- 
cal factor which is postulated by Long (13, 14) and Evans (15, 16), favor- 
ing the conversion of endogenous protein into carbohydrate, was lacking 
in this charcoal preparation, as it was in their cortical extracts. Also, 
the conditions affecting the lactate-fed groups may actually have been 
more rigorous than those affecting the controls inasmuch as the lactate 
was necessarily fed in a highly hypertonic solution, a condition which 
usually resulted in a slight dehydration of the tissues as measured by a 


5 The blood lactic acid value in the control group of salt-sustained animals was 
unexpectedly high. Whether this were true lactic acid or some organic compound 
simulating it by reacting with bisulfite cannot be stated. The latter seems probable 
because when lactic acid was ingested the apparent blood lactic acid value was only 
slightly increased above the value for the control group. 

6 It must be recognized that it is possible that better success in producing a 
normal utilization of d. lactic acid by salt-sustained animals might have been at- 
tained with other experimental conditions, such as with the use of a salt solution of 
different qualitative composition or greater concentration. There was no assurance 
in these experiments that the serum electrolyte pattern was strictly normal in spite 
of the normal appearance and behavior of the animals. 

7 Large quantities of charcoal were found in the gastro-intestinal tracts of these 
animals at the end of the experiment. 
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decrease in the total water content of the muscles and liver. Whether or 
not this small loss in water is accompanied by critical changes in the dis- 
tribution of water and electrolytes between the cellular and extracellular 
fluids (as is the case after the repeated intraperitoneal injection of glucose 
into normal dogs (17), cannot be stated. When salt was given together 
with charcoal adsorbate to 6 animals no apparent benefits to the carbo- 
hydrate utilization were derived in comparison with the animals which 
were protected with charcoal adsorbate alone. Although the average 
figures for the carbohydrate values in the lactate-fed animals did not give 
a strictly normal picture in all respects, there was such a large and un- 
equivocal change towards the normal that the results can be said to ap- 
proach the normal. This becomes the more striking when the low values 
in this control group are taken into consideration. Obviously this adrenal 
cortical preparation enabled the adrenalless animals to store and to mobi- 
lize a potential source of carbohydrate (d. lactic acid) even though it did 
not prevent the carbohydrate stores of the body from being depleted dur- 
ing the 24 hour fast, under the conditions of these experiments. The 
experiments of Britton and Silvette (18) in which racemic lactate was 
given intraperitoneally® to adrenalectomized cats throw no light on the 
metabolism of the naturally occurring d. compound. 

The efficacy of adrenal cortical preparations in facilitating the storage 
and mobilization of glucose has been demonstrated by Britton and Sil- 
vette (1, 20) Dambrosi (11) and Fernandez (21). Evans (16) inferred 
that the adrenal cortex of rats is concerned with the conversion of protein 
into carbohydrate. There is much evidence that the muscles of adrenal- 
less animals contain less phosphocreatine (phosphagen) (22, 23, 24) and 
produce less lactic acid (25, 4, 26, 27) than do normal muscles. That 
decreased lactic acid production may be a factor limiting the resynthesis 
of phosphocreatine in adrenalectomized animals was suggested by Buell, 
Strauss and Andrus (4). 


SUMMARY AND CONCLUSIONS 


1. The experiments described corroborated the hypothesis of Buell, 
Strauss and Andrus that the livers of animals in adrenal insufficiency fail 
to remove d. (sacro) lactic acid from the blood at a normal rate and to 
convert it into liver glycogen. 

2. The rate of absorption of d. lactic acid from the gastro-intestinal 
tract of rats in adrenal insufficiency was definitely slower than in normal 
rats. 

8 The intraperitoneal injection of large quantities of glucose into a normal animal 
has been found to cause symptoms closely resembling those of adrenal insufficiency 
(19). 

® Houssay (28) on the contrary found an increased lactic acid content in the 
resting muscle of the adrenalectomized rat and a greater increment in the lactic acid 
produced by such muscle after tetanization than by normal muscle. 
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3. Adrenalless rats, fasted for 24 hours, all showed low stores of carbo- 
hydrate in blood and liver whether they were in adrenal insufficiency or in 
good condition as a result of the protection afforded either by salt water 
or by an active charcoal adsorbate. 

4. Adrenalless rats maintained in good condition by the use of salt 
drinking water failed to make normal use of ingested d. lactic acid. 

5. Adrenalless rats maintained in good condition by the use of the char- 
coal adsorbate of Grollman, Firor and Grollman made excellent 1 
ingested d. lactic acid. 

6. The errors in carbohydrate metabolism resulting from adrenalectomy 
do not per se necessarily cause the rapid death of the animal (rat) protected 
by salt from excessive loss of water and electrolytes. 
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The closing and opening movements of the crayfish claw are produced 
by two neuromuscular systems. Both the closing and opening muscles 
receive a double innervation of excitatory and inhibitory fibers, each 
characterized by distinct electric phenomena, as shown in a previous 
paper (du Buy, 1935). In order to investigate further the mechanism 
and interaction of these two systems, we have used the method of simul- 
taneous stimulation of the two motor nerves by sine waves at various 
frequencies. By this method, one of us (Coppée, 1934) had previously 
been able to achieve stimulation which was selective according to fre- 
quency in the neuromuscular systems of frog and toad. Furthermore, 
we have recorded the electric responses of the opening and closing mus- 
cles, using stimulation by thyratron discharges at various frequencies, 
in order to study fatigue. We have also determined the velocity of the 
nerve impulse in both nerves in the intact animal and the corresponding 
neuromuscular delay. 

TECHNIQUE. The sine waves were generated by a dynatron oscillator, 
and the R.M.S. voltage was measured by an A.C. voltmeter. The volt- 
age was increased progressively by means of a precision potentiometer. 
The range of frequencies used was 20 to 2000 per second. 

A thyratron circuit, driven either by a rotary interrupter for frequencies 
below 20 per second or by the dynatron oscillator for frequencies from 
20 to 2000, permitted repetitive stimulation by brief shocks. The dis- 
charges of this circuit activated the primary of a Harvard inductorium. 
This procedure greatly reduced the stimulus artefact and obviated the 
necessity for special shielding or balancing out of the latter. The use of 
the thyratron eliminated confusion due to the differences between ordinary 
make and break shocks. 

The stimulating electrodes (two silver wires chlorided by electrolysis) 
were inserted at various points in the basopodite and in the ischiopodite 
in the neighborhood of the two motor nerves, in order to stimulate both 
nerves simultaneously. 


1 Dondersfonds Fellow. 
2 Fellow, C. R. B. Educational Foundation 
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As recording electrodes, we used either concentric silver needle elec- 
trodes, or two chlorided silver wires inserted in the opening or in the 
closing muscle. 

The electrograms were recorded by the amplifier and the cathode ray 
oscillograph described by Garceau and Davis (1934) .* 

SINE-WAVE STIMULATION. It has been shown (Biedermann, 1888 
that when the isolated nerve is stimulated by single shocks, the threshold 
of the opening neuromuscular system (excitatory for the opening muscle 
and inhibitory for the closing muscle) is lower than that of the closing 
neuromuscular system (excitatory for the closing and inhibitory for the 


50 100 200 500 1000 2000 
Frequency 


Fig. 1. Thresholds of opening system (broken line) and closing system (continuous 
line) for electrical stimulation at various frequencies of sine waves. 


opening muscle). In the intact animal the relative thresholds depend 
also on the exact positions of the stimulating electrodes in the tissues. The 
most favorable location was determined by trial in each case. 


In most cases, we were able, on progressively increasing the stimulating 
current, to obtain first the threshold for the opening movement, and then, 
by further increase, the threshold for the closing movement. Both curves 


3 The original construction and subsequent development of this apparatus was 
assisted by grants from the DeLamar Mobile Research Fund of the Harvard Medical 
School, from the Josiah Macy, Jr. Foundation, from the American Otological Society 
and from several anonymous donors 
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in figure 1 were obtained in this way on the same claw without changing 
the position of the electrodes. For each frequency, the thresholds for 
opening and closing were checked alternately two or three times, in order 
to be sure of the constancy of the measurement. The variations were 
small, usually less than 5 per cent. This contrasts with the extreme 
variability of the rheobase determined with a constant current of long 
duration. 

As shown in figure 1, the type of liminal-voltage frequency curve differs 


in the two systems. ‘The curve for the closing neuromuscular system re- 


sembles the curves previously observed by one of us (see Coppée, 
1934), using the same method of stimulation, on the sciatic nerve, gastroc- 
nemius and sartorius of Rana and Bufo and on the foot of Helix; i.e., after 
a rather flat portion for frequencies below 100 c¢.p.s., showing a more or 
less definite minimum, the threshold voltage rises as the frequency in- 
creases. The dynatron oscillator did not provide pure sine waves below 
20 ¢.p.s. We were therefore unable to examine the thresholds at lower 
frequencies. On the other hand, the curve for the opening neuromuscular 
system shows that the threshold is altered very little by increasing the 
frequency of the stimulating current except at frequencies above 500 c.p.s. 
Considering the two types of curves and the relative thresholds for each 
frequency in the two systems, it is possible that a favorable electrode 
placement in the basopodite would yield a lower threshold at low fre- 
quencies for the closing than for the opening system. In some cases, by 
progressively increasing the intensity of the current, we succeeded in 
getting, for low frequencies, the closing threshold only, and for higher 
frequencies the opening threshold first. Thus by using two different fre- 
quencies, we had achieved the selective stimulation of the complex mecha- 
nism of the claw. One of us (G. C.) has also found a similar selective 
stimulation in partially injured frog nerves when the strength-frequency 
curve of one bundle is flattened as a result of the lesion, and the rest re- 
mains unchanged. But, while it was possible with the high frequencies to 
get closing by increasing the current above the opening threshold, we 
never succeeded at low frequencies in observing an opening when we in- 
creased the intensity above the closing threshold. This can be under- 
stood on the basis of the known differences between the two systems, i.e., 
lower threshold for the opening system, and greater force of the closing 
muscle. Once a closing stimulus was given, the opening muscle could 
not overcome the contraction of its stronger antagonist. Moreover, in 
this case the inhibitory fibers to the opening system are stimulated too, 
as one of us has already shown (du Buy, 1935). 

Mechanical response. In these experiments, we have always considered 
as threshold the smallest movement of opening and closing of the dactylop- 
odite. All records show first a fall and then a rise as the stimulus is 
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progressively increased. For low frequencies (below 180 ¢.p.s 
sponse is a continuous tetanus without any relaxation (see fig. 2A); above 
180 c.p.s. for the closing system and above 250 for the opening system, 


the tetanus is interrupted from time to time by partial relaxation, a- 
shown in figure 2B,C, D. In order to interpret these two types of mechan- 
ograms, we tried to study the electric response of the muscle, but this was 
impossible because of the tremendous electric artefacts. Therefore, we 
employed the thyratron oscillator and inductorium at similar frequencies 
in order to avoid this difficulty. 


Fig. 2. Mechanogram of the movements of the dactylopodite. Continuous 
stimulation of all nerve systems in coxopodite. The stimulus is increased at each 
signal up to the one designated by the arrow. Thereafter it is progressively de- 
creased. A, 30 c.p.s.; B, 188 ¢.p.s.; C, 375 ¢.p.s.; D, 500 ¢.p.s. Time interval = 1 
second. Closing of the claw corresponds with an upward deflection of the record 
All records show first a fall corresponding with opening of the claw. 


REPETITIVE STIMULATION BY BRIEF SHOCKS. In order to show that 
this type of stimulation does not differ appreciably from the previous 
method, threshold values for the closing system, similar to those plotted 
in figure 1, are given in table 1. These observations also prove that the 
mechanical and electrical thresholds (i.e., the just-visible movement of 
the dactylopodite and the first appearance of the action potentials) are 
the same. Figure 3A shows a well-sustained electric response of the open- 
ing muscle to each thyratron discharge at 94 ¢.p.s.; no alternation takes 
place at this frequency. During a long period of stimulation, the shape 
and size of the action potentials remained practically constant. Figure 
3B shows the corresponding response for the closing system. Although 
both systems follow this frequency, the amplitude of the action potentials 
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of the closing muscle decreases very rapidly. The more rapid decrease 
in the closing muscle at this frequency (fig. 3B) cannot be explained by 
assuming that some motor units cease to respond, because (1) concentric 
electrodes recording from a few muscle fibers gave similar responses, and 
(2) the fatigue progresses regularly and only the amplitude of the action 
potential changes. Moreover, the action potentials of the closing muscle 
do not follow the stimuli to such high frequencies as the opening muscle, 
as is shown in figure 3; in which A, C, E, G, and H show the action poten- 
tials of the opening muscle at 94, 188, 375, 435, and 500 c.p.s.; B, D and 
F, the action potentials of the closing for the frequencies 94, 188, and 375 
¢.p.s. 

The opening muscle usually follows the rhythm of stimulation by re- 
sponding to each shock, to one in every 3 (fig. 3E, G), 4 (fig. 3E, G), or 6 


TABLE 1 


Recording electrodes in closing muscle 


| DIAL POSITION | DIAL POSITION 


FREQUENCY | || FREQUENCY 
|Threshold action) Threshold for Threshold action} Threshold for 


| potential | closing potential } closing 
| 


12 

14: 
22 

125 : 25 
188 
375 
435 


The observations were made in the order given. 


shocks (fig. 3H), or by changing during a given period of stimulation. The 
closing muscle, however, reacts more casually. This explains the erratic 
mechanograms of figure 2. The closing system differs from the opening 
muscle (1) by fatigue (or equilibration) at lower frequencies; (2) by not 
following higher frequencies regularly. Such a difference of reaction to 
frequencies above 200 per second might be explained by a difference in 
some chronological characteristic such as the refractory period. 
NEUROMUSCULAR DELAY. The neuromuscular delay was measured in 
two ways: 1. The nerves were stimulated at two different points in the 
basopodite and meropodite. The time difference between the electric 
artefact and the foot of the action potential for each stimulated point 
allowed us to determine the velocity of the impulse in both nerves (fig. 
4c-f). Furthermore, assuming that the velocity remains the same for 


c.p.8. c.p.8 

500 42 | 42 

750 65 65 

875 77 77 

1000 94 | 94 
30 15 | Us 
435 37.5 | 37.5 
| | 500 42.5 | 42.5 
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Fig. 4. Standing waves, 30 stimuli per second,  Distans 
electrodes 175 mm Distance between distal stimulating electro: 
recording electrode mm trograms: a, direct stimulation 
muscle; b, direct stimulation of closing muscle; stimulating ele 
imal, record of opening muscle Time interval between ce; and « bart 
no fatigue. e, stimulating electrodes distal, record of opening muscl 
stimulating electrodes proximal, record of closing muscle (beginning 
artefact barely visible). Time interval between d; and dy a j 
f, stimulating electrodes distal, reeord of closing musel 
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the total length of the fiber, it is possible to determine the time required 
for the impulse to reach the recording electrode. The time difference 
between the latency of the muscular response and the calculated condue- 
tion time in the nerve measures the neuromuscular delay. 

2. Direct stimulation of the muscle showed a latency between the arte- 
fact and foot of action potential of the same magnitude as the value 
determined by the other method. We infer that in this case it is really 
the intramuscular nerve fibers that are stimulated. Both the closing 
and the opening muscles were stimulated in this way. Figure 4a shows 
the results for the excitatory impulse of the opening muscle; figure 4h, 
for the closing muscle. Phe data obtained from this figure are given ip 
table 2. 

The above experiment is a typical one. The absolute values, however, 
vary from one animal to another. Differences in temperature and the 
degree of fatigue are important causes of variability. Nevertheless, in all 
experiments the velocity of conduction of the opening nerve system. is 


TABLE 2 


CONDUCTION 


VELOCITY DELAY 


Exeitatory impulse of opening system 


Exeitatory impulse of closing svstem 


within 60 to 85 per cent of the velocity of conduction of the closing nerve 
system and remains constant during an experiment. 

The neuromuscular delay of the opening svstem is always found longer 
than of the closing system in fresh animals. After repeated stimulation 
the neuromuscular delay of both systems is lengthened. *Although the 
opening system has a longer neuromuscular delay, and a lower velocity 
of conduction, it follows, however, the rhythm of a higher frequency ot 
stimulation, as was shown on page 286. It therefore seems that the 
opening system, although it shows a longer neuromuscular delay, has a 
shorter refractory period. 


SUMMARY 


Stimulation of the motor nerves of the crayfish claw by sine waves or 
by repetitive shocks at various frequencies shows that: 

1. The threshold for the opening system remains practically constant 
up to 1000 ¢.p.s. 

2. The threshold for the closing system is increased considerably by 
increasing the frequency of stimulation. The threshold in both cases 
was determined by mechanograms and by electrograms. 
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3. The opening system follows the frequencies above 80 c¢.p.s. by 
nation; the closing system reacts irregularly. 

4. The velocity of nerve conduction of the opening system is about 
meters per second; that of the closing system about 4 meters per second 
The neuromuscular delay of the opening system in fresh animals 
from 4 to 6 msec.; that of the closing system from 3 to 4 msec. Thy 
neuromuscular delay of the closing system is always the shorter in a give: 
preparation. 


5. The closing system is more susceptible to fatigue than the opening 
system. It is inferred that the refractory period of the opening system as 


a whole is shorter than that of the closing system, in spite of its longer 
neuromuscular delay and slower velocity of conduction 
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Strohl in 1910 reported that the heart weight-body weight ratio of the 
alpine snow bird (Lagopus alpinus Nilss) was much greater than that of 
a very near relative, the moor snow bird (Lagopus albus Gmelin). He con- 
cluded that this greater heart weight in the former was due to two factors, 
namely, a work hypertrophy and a specific adaptation to the rarefied 
atmosphere of the mountainous habitat. 

In view of the controversy over the causes of cardiac hypertrophy it 
was deemed worth while to study Strohl’s observations further and to 
attempt to produce experimental cardiac hypertrophy by subjecting ani- 
mals to low oxygen tensions. 

MetuHops. Young adult female guinea pigs were chosen for this work. 
The latest significant work on the heart weight-body weight ratio in these 
animals was reported by Joseph in 1908. His animals, however, had 
been used for other purposes and since he reported on a small series it was 
necessary to establish a normal figure for this work. Consequently the 
ratio between the heart weight and body weight was determined in 71 norma! 
female guinea pigs (Van Liere and Sleeth, 1936). The animal was weighed 
and then killed by a blow on the head. The thorax was opened and the 
heart removed from the pericardium. The great vessels were trimmed 
flush with the heart and all the chambers were opened and washed free of 
blood. The excess moisture was removed by filter paper and the organ 
carefully weighed. The ratio was determined by dividing the heart weight 
in grams by the body weight in grams, expressing the result in per cent. 
The ratios as expressed in this paper, therefore, represent the number of 
grams per cent of heart per kilogram body weight. 

No figures were available on the normal spleen weight in the guinea 
pig. Since it was felt that anoxemia might have an effect on the weight 
of the spleen, the ratio between the spleen weight and the body weight 
was determined in a similar manner in a series of 43 normal animals. 

Twenty vigorous young adult female animals were chosen to be sub- 
jected to anoxemia. These animals were placed in a steel respiratory 
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chamber previously described (Van Liere, 1927). The interior of this 
chamber was kept at a pressure varying between 440 and 380 mm. Hg 


These figures correspond to an oxygen percentage of 12.25 to 10.50 

to an altitude range of 14,000 to 18,000 feet. Adequate ventilation w: 
provided so that carbon dioxide could not accumulate. The animals 
were kept under these conditions constantly except for about 20 minutes 
a day (necessary to clean the chamber and care for the animals) for periods 
from 20 to 105 days. 

Resutts. Table 1 summarizes briefly the results obtained. It will be 
seen that exposure to prolonged anoxemia produces very definite effect= 
upon the weight of the heart and spleen. The heart weight-body weight 
ratio increased in the anoxemic animals to 155.8 per cent of the normal 
value. The spleen weight-body weight ratio increased to 531.0 per cent 
of the normal value. 


TABLE 1 
HW:8W RATIO 


Num 
Mean Median Mode « | berof Mean Median 


cent 
animals 


Normal ‘ 0.319 0.309; 0.309) 100 43 0.156 0.145 
Anoxemia 5 496; 0 447) 0 443) 155 9 828 S804 


*Per cent of normal mean. 


Table 2 summarizes the work done upon the 15 animals. Unfortunately, 
the data on 6 spleens were lost, so that only 9 are reported. Five of the 
animals died; the data obtained from these animals were not used. 

Discussion. In studying table 2 it will be seen that 5 animals gained 
weight, one an unappreciable amount, but the remaining 4 gained fron 
6.18 to 26.45 per cent. In spite of this gain in weight 4 out of these 5 
animals showed a relative increase in cardiac weight. 

Although these animals received the best of care and the choicest food 
5 out of 20 died. Ten of the remaining 15 lost a good deal of weight 
from 1.36 to 29.40 per cent. The loss of weight was due to the fact that 
the majority of the animals did not eat well under low oxygen tensions 
A number of standard text books in physiology still state that the heart 
loses very little weight during inanition. This is a misconception as it 
has been shown by Chossat (1843), Manassein (1860), Lazareff (1895 
and Jackson (1915), that the heart loses proportionally as much weight 
during inanition as does the rest of the body. Recent work by Van Liere 
and Sleeth (in press) on the guinea pig confirms the earlier work. 

The fact that the organ weight-body weight ratios do not change materi- 
ally in inanition is a very important consideration as far as the results re- 


Num 
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ported in this paper are concerned. It is obvious that if the heart did 
not lose proportionally as much weight as does the body, the findings 
reported in this paper would have no real significance. 

Of the 15 animals which survived the experiment and were killed and 
autopsied in the usual manner, the heart and spleen of 4 representative 
specimens were examined microscopically. The examinations revealed 
definite cardiac hypertrophy in 3 cases. One heart showed signs of 
atrophy but gave evidence of previous hypertrophy. This particular 
animal had been kept under anoxemic conditions for 105 days and one 
might venture to suggest that atrophy followed the primary hypertrophy. 
The spleens all showed marked phagocytosis of red blood cells and many 


TABLE 2 


PER CENT PER CENT PER CEN 
NUMBER | CHANGE IN CHANGEIN | SW:BW RATIO| CHANGE IN 
BODY WEIGHT HW:BW RATIO SW:BW RATIO 


—11.93 0.5390 +69 
+2645 | 0.3873 | +421 +910 
—24.37 0.6272 +96 | 

—-13.44 | 05140 | +61 | | +629 
+6.18 | 0.3857 | +421 
—34.12 0.6455 +101 | | +538 
—1.36 6368 | +99 
—31.43 3909 | +22 | +415 
+20.79 | 0.2986 | —6 
—17.94 | 04430 | +39 | 
+12.47 | 0.4437 +39 | 0.6352 +307 
53 +1.50 | 0.7483 | +134 | 0.5566 +257 
62 —18.42 | 0.4473 | +40 | 0.3784 +142 
77 —2%.56 | 051388 | +61 | 0.7450 +378 
105 | -—29.40 | 0.4239 | +433 | 0.6271 +302 


phagocytes showed hemosiderin. In one case the sinuses of the spleen 
were greatly dilated and engorged with erythrocytes. 

It is known that high altitudes cause a marked polycythemia and thus 
many red blood cells would presumably have to be destroyed. This in- 
creased cell destruction which the spleen would be called upon to perform 
might well account for the greatly enlarged spleens which these animals 
had. 

It is more difficult to account for the cardiac hypertrophy. As pre- 
viously mentioned, Strohl thought that the cardiac hypertrophy in the 
alpine snow bird was due to the increased work of the heart and a specific 
adaptation to the rarefied atmosphere. Some physiologists, however, are 
reluctant to admit that there is a work cardiac hypertrophy. These men, 
on the other hand, believe that cardiac hypertrophy is always preceded 
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by some injury to the cardiac muscle fiber. Unfortunately, the experi- 
ments reported here do not throw much light on this controversial subject 
as neither factor can be ruled out. It is quite possible that both factors 
may be at work here. Under low oxygen tensions the heart beats faster 
and this probably increases the amount of work it has to do. The in- 
creased viscosity of the blood would also throw a greater load on the heart 
On the other hand, anoxemia may have deprived the heart of sufficient 
oxygen and consequently the cardiac fibers were actually injured. Kauf- 
mann and Meyer (1917) studied the hearts of soldiers who had returned 
from campaigns in mountainous districts and found that the hearts of 
these soldiers were greatly increased in size. These enlarged hearts, how- 
ever, decreased in size after a short rest. It was shown by Takeuchi 
(1925) by opening the chest wall and using the cinematograph, and Van 
Liere (1927) by use of the x-ray in the normal animal that anoxemia can 
produce cardiac dilatation. In order to produce it, however, severe de- 
grees of anoxemia must be used. The author feels that with the animals 
at rest it is very problematic whether 10 or 12 per cent of oxygen would 
produce cardiac dilatation. 

The question of inanition arises; it is possible that this could produce 
cardiac dilatation which subsequently could be followed by hypertrophy. 
But a number of the animals gained weight so that this factor must not 
be stressed too greatly. 


SUMMARY AND CONCLUSIONS 


Fifteen guinea pigs were kept at low oxygen tensions for periods varying 
from 20 to 105 days. The oxygen percentages ranged from 12.25 to 
10.50 per cent. It was found that the average heart weight-body weight 
ratio was increased to 155.8 per cent of the normal value. The average 
spleen weight-body weight ratio in 9 animals increased to 531.0 per cent 
of the normal value. 


Owing to the polycythemia caused by the low oxygen tensions the spleen 
would have to destroy many red blood cells and it is suggested that this 
might well account for the increased size of this organ. 

The hypertrophy of the heart could have been caused either by a work 
hypertrophy or an injury hypertrophy or perhaps a combination of both 
factors. 

The work reported in this paper lends experimental evidence to the 
observations made by Strohl that rarefied atmosphere is capable of produc- 
ing cardiac hypertrophy. 


I wish to express my thanks to Dr. C. H. Bunting of the University of 
Wisconsin for making the microscopic examinations of the tissues reported 
in this work. 
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Spontaneous rhythmic contractions in mammalian arteries were first 
described by Schiff (1854) who observed them through the intact skin in 
the ears of unanesthetized rabbits. Clark and Clark (1932) and Wilson 
(1936) have studied this phenomenon under the microscope in the pre- 
formed transparent chamber in the rabbit’s ear. 

Waves are occasionally observed on normal blood pressure records which 
are much slower than respiratory waves. These are usually referred to 
as ‘Traube-Hering waves” (Traube, 1865; Hering, 1869), though more 
correctly as vasomotor waves of blood pressure, since Traube’s and Her- 
ing’s waves were obtained on curarised animals under artifical respiration. 

The present study is an attempt to find out what relation, if any, exists 
between the rhythmic contractions of the main artery of the ear and the 
vasomotor waves of blood pressure. 

MEtTHOps. Observations on the ear. Experiments were carried out on 
six rabbits and five dogs, the rabbit experiments at the University of 
<dinburgh and the dog experiments at the University of Pennsylvania 
Animals were chosen whose ears were white, and as thin as possible, in 
order that the main artery could be clearly seen through the intact skin 

For preliminary observation of the ear before the blood pressure experi- 
ments were carried out, rabbits were placed in a box and dogs were trained 
to sit on a table or lie quietly on an animal board for observation. Every 
precaution had to be taken not to disturb the animal since the artery 
becomes greatly constricted and rhythmic contractions cease. Animals 
which are very phlegmatic and prone to go to sleep are unsatisfactory, 
since sleep is inhibitory to rhythmic contractions (Clark and Clark, 1932) 

Blood pressure. Previous work (Wilson, 1936) indicated that rhythmic 
contractions were inhibited by anesthetics (ether, chloroform, luminal 
Na, Na amytal). The use of morphine as a preliminary to anesthesia was 
suggested, since Traube-Hering waves can sometimes be elicited by mor- 
phine (L. Hill, 1896). 
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Blood pressure records were made in the usual way, with a mercury 


manometer. In the case of the rabbits, the experiments were carried out 
under chloroform, following large doses of morphine, and the blood pres- 
sure was taken in the carotid artery. 

As it was difficult to get dogs suitable for the observations on the ear, 
it was advantageous to use one dog for more than one experiment, if 
possible. A sterile operation! to externalize the femoral artery was per- 
formed under Na amytal anesthesia. The artery was exposed for as 
great a length as possible, the cut edges of the muscle sewed together 
under the artery and the wound closed by drawing the skin together with 
loose stitches. On a subsequent day a large dose of morphine was in- 
jected subcutaneously and the region around the externalized femoral 
artery was well infiltrated with 0.5 per cent panthesin (Sandoz) or 0.1 
per cent cocaine HCl. The stitches in the skin could then be clipped and 
the cannula inserted in the artery as peripherally as possible, so that the 
artery could be used again. Blood pressure records could then be made 
for two or three hours with little or no discomfort to the animal. 

The ear was watched while the blood pressure was being recorded and 
the onset of each contraction and dilatation observed in the main artery 
of the ear was recorded on the drum. In many experiments respiration 
was also recorded. 

At the close of an experiment the artery was tied off, and the wound 
closed. No more than four experiments were ever performed on one dog. 

EXPERIMENTAL. The effect of morphine and anesthetics on rhythmic 
contractions. A few experiments carried out previously (Wilson, 1936) 
indicated that anesthetics were depressant to rhythmic contractions in 
the artery of the rabbit’s ear. Further experiments amply confirmed this. 
Ether, chloroform, Na amytal and urethane were usually inhibitory, 
though chloroform was the least depressant to rhythmic contractions. 
Morphine was never found to be inhibitory and often increased the rate 
of rhythmic contractions, especially in the stage when the blood vessels 
were dilated. The dilatation of the blood vessels is not in itself responsible 
for the increase in rhythmic contractions. They do not appear when the 
blood vessels are dilated under various other conditions (Wilson, 1936). 
The first parts of figure 1 (a) and (b) show the stimulating effect of mor- 
phine: two experiments on rabbit 1 with doses of 13 mgm. per kilo. (The 
animal had received on previous days three injections of morphine of 20 
mgm. per kilo each.) The latter parts of the curves show the inhibitory 
effect of ether and chloroform. 

Blood pressure experiments. Examples of experiments in which general 

1 The author wishes to acknowledge the help and advice of Dr. Charles G. Johnston 


of the Department of Research Surgery of the University of Pennsylvania in the 
operation for externalizing the artery. 
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blood pressure and rhythmic contractions in the main artery of the ear 
were simultaneously recorded are given in figure 2 (a) to (h), tables 1 and 
2 and protocol 1. 

In some of our experiments no rhythmical arterial contractions were 
present, especially in the rabbit experiments where chloroform was used 
Usually when contractions were present there were corresponding waves 
on the blood pressure record. As will be seen from the sample tracings 
given in figure 2 there was great variety in size, shape and rate of these 
blood pressure waves. In every experiment the blood pressure waves 
and the rhythmic contractions in the ear were much slower than the 


Effect of Morphine, Ether and Chloroform on Rate 
of Rhythmic Contractions in Artery of Ear. 


contractions 
per min. 


vessels di lated 


di lated 


Fig. 1. Rabbit 1. Twe experiments on consecutive days. Abscissae: Time in 
hours and minutes, 10 to 11:30 a.m. 


respiration, but there was a correspondence in a very few experiments 
(fig. 2 (d), and in part of fig. 2 (a) ) between the rate of the rhythmic 
contractions in the ear and respiratory gasps, R, occurring periodically 
after several normal respirations. In experiments such as those shown 
in figure 2 (c), (e) and (f) where the respiration was uniform there appears 
to be no relation whatever between the respiration and the vascular 
phenomena. In figure 2 (g) and (h), although the respiration was irregu- 
lar there was no correspondence with the larger blood pressure waves. 
Irregular respiration and variations in heart rate did, of course, affect the 
blood pressure and often the variations were great enough to interfere with 
the clearness of the slower waves. In an attempt to smooth out such 
interferences we tried injections of atropine. Figure 2 (e) shows a record 
taken } hour after atropine, when the heart rate was approximately 200 
and the respiration 30 per minute. The marked waves of blood pressure 
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and table 2. 
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TABLE 1 


Rabbits 2 and 3, morphine 20 mgm. per kilo (1st dose) liqht chloroform anest 


Rhythmic contractions per minute 


3 

Blood pressure waves per minute 3 

Respiration per minute : 9-12 
3 


Marked respiration per minute 
Heart rate per minute 1004 150-200 
Mean blood pressure mm. Hg 100-72 126-116 


Protocol 1. Dog 1. White Poodle We ight 8 kilo 


Sterile operation under Na amytal, left femoral artery externalized by 
sewing muscle beneath artery and skin above 

Sterile operation under Na amytal, right femoral artery externalized 

Wounds well healed. Animal acclimatized to procedure by previous experi- 
ments. 

10:36 a.m. 4th dose morphine (subcut.), 8.5 mgm. per kilo (1st dose 12/16) 

:56 a.m. Blood pressure in right femoral recorded 

:26 p.m. Record shown in figure 2 (d) 

:-40 p.m. Subcutaneous injection of atropine sulfate (0.125 mgm. per kilo) 

:17 p.m. Record shown in figure 2 (e) 

:59 p.m. Record shown in figure 2 (f) 

:-45 a.m. 5th dose of morphine (now increased to 12.5 mgm. per kilo) 
Unsuccessful attempt to use left femoral artery so right carotid 
cannulated (ether administered for operation) 

2:40 p.m. Blood pressure recorded. 

2:46 p.m. Ether discontinued. 

2:58-9 p.m. Vagi cut in neck, ether administered 

3:07 p.m. Atropine sulfate injected subcutaneously (0.125 mgm. per kilo) 
3:15 p.m. Marked waves appear on blood pressure record 

3:37 p.m. Record shown in figure 2 (g) 

3:53 p.m. Record shown in figure 2 (h) 


TABLE 
Data of protocol 1: 1st experiment (d), (e), (f); 2nd experiment (q), 


2 | FIGURE 2) FIGURE 


Rhythmic contractions per minute 

Blood pressure waves per minute 

Respiration per minute 

Marked respiration per minute } 

Heart rate per minute 120+ t 200+ 200+ 
Mean blood pressure mm. Hg 140-94 22) 16 180-120) 150-144 
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began in less than } hour after the atropine and continued for 1} hour. 
In (f), taken 1} hour after (e), the heart rate is 140 showing that the 
atropine effect on the heart, at least, has worn off. The waves are not so 
great, but are still marked. In another experiment the vagi were cut 
without causing any marked waves on the blood pressure record. Sub- 
sequently atropine was given and marked waves appeared in 8 minutes 
(fig. 2 (g) and (h), 3 and ? hour after atropine). In some experiments, 
however, there were no marked blood pressure waves after atropine, so 
it is impossible to tell what réle, if any, atropine played in the production 
of the very marked waves in figure 2 (e). 

Discussion. There is considerable difference of opinion in the litera- 
ture as to whether rhythmical contractions in arteries and undulatory 
waves of blood pressure are of central or peripheral origin. There is some 
evidence that spontaneous contractions in the rabbit’s ear cease when the 
ear is denervated (Lewin and Schilf, 1927). Many of the older experi- 
ments which pointed to a local origin are rendered inconclusive by recent 
evidence that complete denervation was not accomplished by the operative 
procedures (Grant and Bland, 1932). 

Blood pressure waves, such as are found in our experiments, have usu- 
ally been considered as of central origin (Roy, 1880), though Barcroft, 
Nisinaru and Steggerda (1932) believe that “the rhythm itself is pe- 
ripheral and is a property of the muscular, or neuro-muscular complex.” 

In all the experiments in this study, whenever there were definite 
waves on the blood pressure record there were, synchronously, rhythmic 
contractions in the main artery of the animal’s ear. During the rise in 
blood pressure the artery was constricted. If the changes in the ear were 
passive, the artery would have been dilated. It is impossible that these 
changes in the arteries of the ears alone could account for changes in 
general blood pressure of the magnitude shown here (sometimes 40 mm. 
Hg). Several investigators have found that vasomotor changes in vari- 
ous organs caused undulatory changes in blood pressure of rhythm similar 
to that described in this paper. The experiments of Roy (1880) were on 
the kidney and spleen and of Barcroft and co-workers (1932a, b, c, d) on 
the spleen and intestine. Probably simultaneous rhythmic changes in 
blood vessels in various parts of the body are the cause of the blood pres- 
sure waves we have described. This would rule out a local origin for 
these phenomena and we have shown above that respiratory changes are 
not the causative agent. This points to the vasomcetor change as the 
origin of these changes in the vessels of the ear and in the blood pressure, 
though our experiments do not rule out the possibility of some chemical 
agent being responsible for these rhythmic changes. 
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SUMMARY 
Simultaneous records have been made of blood pressur: 
contractions of the main artery of the ear in rabbits and dogs 
vasomotor waves appear on the blood pressure record they are sy1 


nous with rhythmic contractions and dilatations in the artery of the ear 


These vasomotor changes in the ears are undoubtedly only part of the 
vascular changes in the body which are responsible for the blood pressur 
variations. 

Studies were made on the inhibitory effect of anesthetics and the stimu- 
lating effect of morphine on rhythmic contractions 


The author wishes to express her appreciation of the courtesy of Prof 
A. J. Clark of the University of Edinburgh and Prof. H. C. Bazett of the 
University of Pennsylvania in giving her an opportunity to carry out 
these experiments in their laboratories. 
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Recently, we have shown (Katz and Korey) that the tissues adjacent to 
the heart are not all equally good electrical conductors, the lungs and the 
large systemic vessels being much poorer conductors than the posterior 
paravertebral muscle mass, the diaphragm, and the chest wall. The intro- 
duction of insulators between the heart and the good electrical conductors 
caused a decided decrease in the amplitude of the deflections recorded in 
the standard limb leads. On the other hand, separation of the heart from 
the large systemic vessels, and the insertion of insulators between the heart 
and lung had an insignificant effect on these deflections. On the basis of 
the above data, the changes in the electrocardiogram which occur on alter- 
ing the heart’s position in the dog (Katz and Ackerman, Ackerman and 
Katz) and in man (Meek and Wilson, Nathanson, Katz and Robinow) 
have been interpreted as being the result of 1, changes in the regions of 
the heart in contact with the good conductors, and 2, changes in the 
position of the good conductors in the chest. It was deemed desirable to 
put this concept to further experimental test. In the present study this 
was done by noting whether or not the introduction of good electrical con- 
ductors between various regions of the heart and various parts of the body 
would definitely modify the electrocardiogram obtained from the usual 
limb leads. Some preliminary experiments of Smith and Kountz seemed to 
indicate that this was possible. They found that the ordinary three lead 
electrocardiogram obtained from a human cadaver, after connecting to it 


the heart of an isolated dog heart-lung preparation by means of an electrical 
shunt, was modified by changing either the location of the contact on the 
chest of the cadaver or that of the contact on the dog’s heart. In the pres- 
ent investigation was noted the effect on the three lead electrocardiogram of 
shifting the chest contact of a metallic shunt which was in contact with a 
fixed region of the heart in the open chested anesthetized dog. 


1 A preliminary report was presented to the American Physiology Society, March, 
1935. 
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Mertuop. Twenty-three dogs anesthetized with sodium 
used in this study. The chest was opened anteriorly after artifir 


tion was induced. The heart was maintained constant 


means of a cradle formed of the opened pericardial mike The usual Gert 


silver electrodes wrapped in saline soaked gauze were inserted suby 

ously in the three extremities used to obtain the standard electro 
grams. At first, cotton yarn 2 mm. in diameter and about S or 10 ¢1 
in length and soaked in saline agar was used for the heart contact. T} 
was connected through an ordinary non-polarizable boot electrode to cop 
per wire. The latter was connected in turn to various parts of the chest 
by means of a selector switch. 

The cotton varn contact Was soon discarded as having too great 
electrical resistance, and either a hoot electrode W rapped in saline-souked 
gauze Was applied directly to the heart, or instead a camel's hair brush im- 
pregnated with 0.9 per cent NaCl kaolin. In the latter case, the hollow 
handle was filled with copper sulphate and the wire inserted into this solu- 
tion. Control curves with the heart contact in place but with the shunt 
unconnected were obtained before and after each experiment. In -om 
experiments, the heart was permitted to remain in contact with the posterior 
paravertebral muscle mass. In many, however, the heart was lifted away 
in order to decrease the magnitude of the electrocardiographic deflection- 
obtained in the controls. In other experiments a rubber sheet was inserted 
beneath the heart for the same purpose. Usually the anterior surface ot 
the ventricles was used for the heart contact, occasionally the lateral, and 
rarely the posterior surface was used. 

DISCUSSION OF RESULTS. It was soon apparent that two types of altera- 
tions in the electrocardiograms were produced by shunting the action cur- 
rents from the heart directly to the chest. These may be briefly described 
as a, a diphasic addition (consisting of a diphasic QRS complex with aT 
Wave opposite in direction to the last phase of QRS), and 6, a monophasic 
addition (consisting of an S-T deviation with a To wave, when present, in 
the opposite direction). At times combinations of the two types of addi 
tions were seen. In figure 1 is shown one of the most striking diphasi 
additions and in figure 2 a marked monophasic addition. It was soon 
found that the monophasic addition was due to the production of injury 
beneath the shunting electrode on the heart. The ease with whieh injury 
currents are set up accord with previous observations from this laboratory 
(Jochim, Katz and Mayne). In several experiments, successive records 
revealed the nature of the transition from the diphasic to the monophasic 
addition (cf. fig. 3). The first stage in such a transition consisted in a 
splintering of the QRS complex, an increase in its time span, and a notch 
ing of the T wave (viz., segments Band ©). Later, S-To deviations with 
T waves in the opposite direction appeared; the S-To deviation then be 
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came more marked, and the T wave decreased in size until, ultimately, a 
more or less monophasic curve developed. It would appear that the first 
stages were produced by marked asynchronism of the events beneath the 
shunt electrode on the heart. This we have ascribed to a slowing of the 
conduction of the impulse within the region beneath the shunt electrode, 
a stage apparently occurring before the muscle tissue is injured sufficiently 
to give rise to the injury currents. 

It is obvious from these results that certain regions of the heart may 
gain a decided advantage over the rest of the heart in affecting the electri- 
cal field merely because they are in contact with a good electrical conductor, 
with the result that the events in the regions beneath the shunt electrode 
dominate the electrocardiogram in the standard limb leads. If no injury 
of the heart tissues is produced beneath the shunt electrode, the addition in 
the electrocardiogram is a diphasic one. If very slight injury is present in 
this region, the diphasic addition has a prolonged initial deflection resem- 
bling the curve seen in intraventricular block. If more injury is induced in 


Fig. 1. Standard three lead electrocardiogram illustrating the diphasic addition 
obtained in an open chested dog with the heart in a pericardial apron raised to separate 
it from the posterior paravertebral muscle mass. Segment A, control; B, after boot 
electrode was placed on left ventricle anteriorly but not connected with any chest 
spot; C, shunt connected to left axilla (the black lines indicate the height of the di- 
phasic QRS which in lead I has its Ist phase up and 2nd down, and in lead III 
has its Ist phase down and 2nd up); D, shunt connected to right axilla (the black 
lines indicate height of diphasic QRS which in leads I and II has its Ist phase down 
and 2nd up); E, shunt connected to left chest wall laterally at level of 5th rib (in all 
three leads a small diphasic QRS is present with Ist phase up and T is upright). 

Fig. 2. Standard three lead electrocardiograms illustrating the monophasic addi- 
tion obtained in an open chested dog with the heart in contact with the posterior 
paravertebral muscle mass. Segments A and E, control with boot electrode placed 
on left ventricle anteriorly but not connected with any chest spot; B, C, and D, 
shunt connected respectively to right axilla, to right lateral chest wall at level of 
5th rib, and to left lateral chest wall at level of 5th rib. 

Fig. 3. Standard three lead electrocardiograms illustrating the gradual develop- 
ment of the monophasic addition obtained in an open chested dog with the heart in 
contact with posterior paravetebral muscle mass. Discussed in text. Segment A, 
control before boot electrode applied. Segment G, control with boot electrode for 
shunt placed on left ventricle anteriorly but not connected with any chest spot 
Segments B, C, D, E, and F, shunt connected respectively with right lateral chest 
wall at the level of second rib, with the same at the level of fifth rib, with the middle 
of the diaphragm, with the left lateral chest wall at the level of the 5th rib, and the 
same at the level of the second rib. 

Fig. 5. Standard three lead electrocardiograms obtained in an open chested dog 
illustrating the appearance of a monophasic addition following the placing of the 
injured posterior wall of the ventricle in contact with the posterior paravertebral 
muscle mass. Injury was produced by a boot electrode. In segments A and C the 
heart apex was elevated to separate the heart from the posterior paravertebral mass; 
in segment B, the heart is in contact with this muscle mass. Discussed in text. 
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this region, the addition is a typical monophasic one, resembling the type 
of record seen following extensive injuries to the heart. 

While some disturbance in the electrocardiogram is produced by the 
placement of the contact electrode on the heart (either by producing 
injury, by altering the heart shape, or by offering a shunt from one 
region of the heart to another), this is relatively insignificant (cf. figs. 1A 
and B and figs. 3A and G). 

A rough estimate of the data in the various experiments indicates that 
the magnitude of the addition depends on the electrical resistance of the 

shunt employed. The magnitude of the 
addition in the electrocardiogram as well as 
its direction is modified also by the location 
of the point on the chest to which the shunt 
electrode is connected. It appears that the 
shunt sets up its own electrical field in the 
body, and the results in each lead depend 
on the relative proximity of the two record- 

Fig. 4. Diagram showing the ing electrodes to this spot. Since the elec- 
appearance of the diphasie (on 
the left) and monophasic addi- 
tions (on the right). The dia- 
gram indicates by the two scales 
that variations in magnitude of 
the additions can be obtained. 
The opposite directions which 
the diphasic and monophasic 
additions may take, depending 
on the location of the shunt 
point on the chest to the re- 
cording electrodes is indicated 
by curves Aand B. The dotted 
line in the monophasic addi- 


trical resistance of the tissues in the body 
conveying these electrical currents is not 
the same, one would not expect an exact 


parallelism between the ratio of the linear 
distances of the recording electrodes from 
the shunt spot on the chest and the direction 
and magnitude of the addition in the elec- 
trocardiogram. Our results show, however, 
a rough parallelism (ef. figs. 1, 2 and 3). 
It is possible that the relative “electrical 
distance’ of the two recording electrodes 


tions shows its appearance when 
less injury is present than that 
required to give the solid line 
curves. Discussed in text. 


from various shunt spots on the chest can 
be calculated in each lead by the magnitude 
and direction of the addition. Thus, when 


the two recording electrodes are equidis- 
tant ‘‘electrically,’’ no addition is obtained 
since the effects on the recording electrodes neutralize each other (viz. 
lead II, segment C and lead III, segment D of fig. 1; also, lead III, 
segment B and lead I, segment C of fig. 2). When, however, the “electri- 
cal distance” of one recording electrode from the shunt spot is much less 
than that of the other, a large addition is obtained (viz., leads I and III 
of segment C, and leads I and II of segment D of fig. 1; leads I and II of 
segment B, and leads II and III of segments C and D of fig. 2). Smaller 


? By “electrical distance’’ we mean the linear distance multiplied by the mean 
specific electrical resistance of the tissues between the two points considered. 
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additions are obtained when there is less disparity in the “‘el 
tance” of the two recording electrodes to the shunt point (cf. 
of fig. 1, and lead I of segment D of fig. 2). 

It was found that with the conventional connections used, the diphasir 
addition consisted of a diphasic QRS with the Ist phase inverted, and 
inverted T wave, and the monophasic addition consisted of a depressed 
S-T segment (and upright T wave) when the chest contact of the shunt 
was nearer to the right arm electrode of lead I and II and the left arm 
electrode of lead III (cf. fig. 4A). The inverse image was obtained when 
the chest contact of shunt was nearer to the other electrode of the above 
leads (cf. fig. 4B). It is obvious that the electrical field created by the 
shunt can be mapped out from such data. 

The importance of good electrical contact in giving particular regions of 
the heart an advantage is shown also by an experiment illustrated in figure 
5. In this dog the heart had been separated from the posterior para- 
vertebral muscle mass so as to permit the application of a boot electrode 
on the posterior surface of the heart for shunting purposes. This boot 
had produced injury beneath it. When segment A was taken, the 
boot had been removed, and the usual type of electrocardiogram was 
obtained such as has been described by Katz and Ackerman. When, 
however, the heart was placed back in contact with the posterior para- 
vertebral muscle mass, a marked monophasic addition was obtained in 
leads II and III and none in lead I (viz., segment B). This addition 
disappeared when the heart was returned to its preceding position (viz., 
segment C). It is obvious that the injury had persisted after the boot 
was removed, but did not affect the electrocardiograms because it was 
not advantageously situated. By placing this injured area in contact with 
the posterior paravertebral muscle mass, it gained sufficient advantage to 
dominate the curve. Furthermore, the absence of a monophasic deflec- 
tion in lead I indicates that the point of contact on the posterior paraverte- 
bral muscle mass was approximately “electrically equidistant” from the 
two forelimb electrodes, while the presence of large upright monophasic 
curves in leads II and III, indicate that the point of contact on the pos- 
terior paravertebral muscle mass was electrically closer to the hindlimh 
than to the forelimb electrodes. It is difficult to see how the usual vector 
analysis and the Einthoven equilateral triangle concept could explain this 
observation. 


SUMMARY 


1. Experiments are reported in which various regions of the heart were 
connected to various parts of the chest by a good electrical non-polarizable 
shunt. The alterations obtained were of two sorts (or intermediate or 
mixed forms): a, diphasie additions when the region under the shunt elee- 
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trode was not injured, and b, monophasic additions when the region under 
the shunt electrode was injured. 

2. It is demonstrated that regions of the heart may gain a decided 
advantage over the rest of the heart merely because they are in contact 
with a good electrical conductor, provided the contact is electrically nearer 
to one than the other of the two recording electrodes. 

3. It is demonstrated that the point on the chest to which the heart 
currents are shunted determines the advantage of the heart region so 
shunted over the rest of the heart. This depends on the ‘electrical dis- 
tances” between the recording electrodes and the point of shunt on the 
chest. 

4. It is demonstrated that the electrical resistance of the shunting cir- 
cuit determines the degree of advantage gained by the heart region shunted; 
the less the electrical resistance of the shunt, the greater the advantage. 

5. It is suggested that the shunted region of the heart sets up its own 
electrical field in the body which summates with that set up by the heart 
through its natural contacts. 

6. These experiments support the concept that the nature of the elec- 
trical conductors in contact with the heart are an important, if not the 
most important, element in determining the nature of the electrical field 
set up by the heart and thereby in determining the contour of the elec- 


trocardiogram obtained with recording electrodes at a distance from the 
heart. They also support the concept that alterations in the relation of 
various regions of the heart to the good electrical conductors and altera- 
tions in the location of the latter are important factors in modifying the 
ordinary electrocardiogram. 
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The literature dealing with the effect of low oxygen tensions upon the 
sugar in the blood is not very extensive, but it presents two points of view: 
that lowering the oxygen tension has no effect upon the level of the blood 
sugar (1), (2), and that it raises it (3), (4), (5), (6). These findings are 
less contradictory than they at first appear, for in general the authors 
who have reported no change have worked on better acclimatized sub- 
jects and at lower altitudes than those who report increases. Anoxemia 
raises the blood sugar in cats even in the absence of excitement (7), but 
reducing the pressure to 340 mm. does not increase the blood sugar in 
guinea pigs (8). In the anoxemia of CO poisoning the amount of sugar 
in the blood has been found to increase (9), (10). But in recent un- 
published experiments the author found no change in the blood sugar in 
men even when the blood became as much as 45 per cent saturated with 
CO. When the oxygen tension is greater than normal, the blood sugar 
either stays the same (11) or decreases (12). 

During the recent months in the Chilean Andes we were able to extend 
previous observations and to follow the blood sugar in 10 healthy sub- 
jects both in rest and work as they became acclimatized to various heights 
up to 5,340 meters and to get a few values in rest from 6,140 meters. We 
also made four sugar tolerance tests at 5,340 meters, described in the 
last part of this paper. 

Care must be exercised in choosing a method for sugar determinations 
at altitudes over 2,000 meters because the lowering of the boiling point 


1 From the International High Altitude Expedition to Chile. The Expedition was 
supported by grants from the Fatigue Laboratory and the Milton Fund, Harvard; 
Duke University; Copenhagen University; King’s College, Cambridge University; 
Columbia University; the National Research Council; the Royal Society, London; 
the Corn Industries Research Foundation; the Rask-Orsted Fund, Copenhagen; the 
Josiah Macy Foundation; and the American Association for the Advancement of 
Science. We are also much indebted to the Chile Exploration Company and to its 
officers in New York and in Chile, to Sefiores Hipolito and Juan Carrasco of the 
S.1.A.M. Carrasco, to Messrs. Packard and Bell of the Poderosa Mining Company, 
to the Ferro-Carril de Antofagasta a Bolivia, and to the many people, both officials 
and private citizens, who facilitated our work in Chile. 
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of water affects all ordinary methods to a certain extent and renders some 
quite unreliable (13), (14). The revised Folin-Wu method (15) is one 
which is but little affected and was chosen for this reason and for its con- 
venience. Filtrates were prepared both by the usual Folin-Wu precipi- 
tation (16), which leaves in the filtrate the glutathione and other reducing 
substances coming from the cells, and by the “‘unlaked’”’ Folin method 
(17), which gives filtrates that are relatively free from reducing substances 
other than glucoss. 

It was hoped that the differences between the values obtained with 
the laked and with the unlaked filtrates would give the amounts of non- 
glucose reducing substances, but unfortunately the uncertain interplay 
of three factors made these differences an unreliable index to the amount 


TABLE 1 
Average values for resting and fasting blood sugars at different altitudes 


Two methods were used, and the difference between the values by the two methods 
is shown. The number of determinations entering into the average figure is given 
by the superscript, and the number of individuals from whom the samples were taken 
is given in the last row. 


PLACE 
| Chuqui | Ollagiie Montt | Quilcha| Punta* 


Altitude in meters 2,810 | 3,660 | 4,710 | 5,340 | 6,140 


Sugar in mgm./100 ee. of blood by | | 


| 


‘“laked’’ method | 77 | 9413 | 855 908 


Sugar in mgm./100 ec. of blood by | | 


“‘unlaked’’ method g3 | 7417 | ¢ 79) | 86? 834 
Difference. ¥ 20 | j | 
Number of individuals | 10 > | 1 | 


* All samples brought down and determinations made at ’Quilcha. 


of these substances. The first of these factors was the effect of altitude 
upon the method. The time required for the reaction between the sugar 
and the copper reagent to reach 98 per cent of its final value is about 53 
minutes at sea level, 10 minutes at 2,810 meters (91°C.), and 20 minutes 
at 5,340 meters (83°C.). This slowing of the reaction increases the 
“copper number’’ (13), (14) and makes the reagent more selective with 
respect to glucose (13), thereby making the non-glucose reducing sub- 
stances appear less. The secord factor is a slight uncertainty as to the 
completeness of precipitation when the cell volume is very high (the 
greatest cell volume found in a member of the Expedition was 63.6 per 
cent, in a native 82.5 per cent). The third factor was the difficulty of 
making accurate determinations under the conditions which often obtain 
during an expedition. Many of the resting fasting values were obtained 


SEA 
LEVEL 
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from arterial blood. They were close to the venous values, as Foster 
(18) found, and are included with them. All the values in work, in re- 
covery from work, and after the ingestion of 100 grams of glucose, were 
obtained from venous blood. 

The values obtained for the blood sugar in rest at different altitudes in 
the members of the Expedition are given in table 1. It will be seen that 
with the ‘‘unlaked’”” method the values remained constant up to 3,660 
meters and above that rose slightly. With the “laked’’ method there 
was a fall as the altitude increased up to 3,660 meters (due presumably 
to the increasing selectivity of the method, as explained above, and not 
to any change in the amount of glucose), and a very slight rise above 
3,660. It is uncertain whether these slight rises in blood sugar result from 
the low oxygen tensions. In general, the subjects were colder and less 
completely at rest at the higher altitudes than at the lower. Either or 
both these factors may well account for a slight rise (19), and an analysis 
of the average values (83 mgm. “‘unlaked”’ and 90.mgm. “laked’’) obtained 
at 6,140 meters shows how considerable an increase in sugar can be pro- 
duced by a little activity. Three of the five subjects there were in a 
thoroughly resting state, and they gave blood sugars by the unlaked 
method of 72 and 65 mgm., and by the laked of 88,? 81, 88, and 79? mgm. 
Two subjects had moved around considerably and only rested for a short 
while before the blood was drawn; their values were 104 and 91 unlaked, 
and 108 and 94 laked. On the other hand, the plasma contains more 
glucose per cubic centimeter than the corpuscles, and the corpuscle vol- 
ume was larger at the higher altitudes. Consequently, the sugar in the 
plasma must have increased with altitude more than the sugar in the 
whole blood. (All values in this paper are for whole blood.) In order 
to calculate what the plasma sugar was, both the corpuscle volume and 
the distribution of sugar between the corpuscles and plasma must be 
known, but upon the latter there is no agreement (20), (21), (22), (23). 
Taking Svedberg’s (22) value of 0.60 for the C/PI. ratio for glucose, and 
the average change in corpuscle volume (from 44.3 to 54.3 per cent),’ 
it appears that a 10 mgm. increase in the whole blood sugar from 74 to 
84 mgm. represents a change in the plasma sugar from 90 to 107 mgm. 
per 100 ce. of plasma. If Olmstead (23) is correct in thinking there is no 
sugar in the corpuscles while they are in the body, then the average of 
the plasma sugars for members of the Expedition must have changed 
from 132 mgm. to 182, and the natives whose whole blood sugars were 
around 75 and corpuscle volumes 70 to 80 must have had plasma sugars 
of the order of 300 mgm. The few experiments I have done on distribu- 
tion confirm Svedberg rather than Olmstead, so that the change in cor- 

2 Same individual July 7th and July 10th respectively. 

3 These figures were kindly given to me by Dr. J. H. Talbott 
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puscle volume does not invalidate the conclusion that the change in sugar 
concentration is not great and that it is uncertain how far it can be ascribed 
to the lowered oxygen tensions. All subjects were fairly well acclima- 
tized before the experiments were made and there was no general change 
with further acclimatization. 

Blood sugar in work. The literature of this subject is quite extensive, 
and will not be discussed here, but there are two papers (24), (25) in which 
the technique and general conditions were enough like those used on the 
expedition so that they are suited for comparison. Our method was in 


TABLE 2 
Average changes in blood sugar in work at various altitudes given in per cent of the value 
for the blood sugar in the lowest grade of work 
The superscripts show the number of determinations entering into the average 
The individual variations were not great, the average difference between an observa- 
tion and the mean of its group being less than 4 mgm. 


ALTITUDE (IN METERS 


3,660 4,710 5,340 


Rest before work +17! +13} 


Work in kgm.-m. per minute. Blood 
taken at end of 10 minutes of work: 

225 0 
455 6 
680 +108 
800 
910 +55* 

1 ,020 

1,130 +203 

1 ,360 


Recovery 


* Two methods (laked and unlaked) used on the same blood sample and both 
values included in the average so that the number of individuals represented is 1 or 
2 less than the superscript. 


general similar to that in the second paper—the subjects rode on a bicycle 
ergometer, usually for 10 minutes, and blood was taken before the start 
and again just as the work was ending, or within 15 seconds of the end. 
After a rest of 10 to 20 minutes the next higher grade of work was begun 
and blood taken again at the end of it, but usually no sample was taken 
during the rest periods until the rest after the final period of work. The 
work during the first period was usually at the rate of 226 kgm.-m. per 
minute, the second at double this rate, the third at triple it, and so on. 
For most of the subjects five times the initial work, or 1,130 kgm.-m. 


ara 
LEVEI 
2,810 
0 0 
—3** 
— 
04 
+10! 
+10! 
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per minute, was as much as they could do at 3,660 meters or below, while 
at 5,340 meters they could do no more than 680 kgm.-m. per minute, or 
three times the initial rate. There were nineteen experiments in all, 
two of which were at sea level, seven at 2,810 meters, three at 3,660 
meters, four at 4,710 meters, and three at 5,340 meters. The data are 
given in table 2. The results were substantially the same at all altitudes 
The blood sugar fell from the resting value during light work, as Christen- 
sen (24) found in his experiments. It tended to rise as the work became 
heavy, as Dill, Edwards and Mead (25) found, and it rose sharply im- 
mediately after work, as both these papers report. The rise as the work 
becomes maximal was not so large as in the “‘discontinuous”’ experiment 
of Dill, Edwards and Mead, but there are several factors which may ac- 
count for that: in our experiments the work, except in the last period, 
was not so heavy; the rest periods were much longer; and the subject was 
riding a bicycle instead of running. 

Glucose tolerance. At 5,340 meicrs three subjects who had gone without 
breakfast were given 100 grams of glucose dissolved in 700 cc. of water, 
flavored with a little lemon, and this they drank in the course of five 
minutes. Blood samples were taken at 30, 90 and 180 minutes after the 
drinking of the glucose. The results were quite striking: two of the sub- 
jects who had been at 5,340 meters (or above) for 17 days showed almost 
no rise in blood sugar (6 mgm. for one and 2 mgm. for the other), while 
the subject who had been at 5,340 for only 6 days showed a rise of 38 
mgm. The experiment was repeated on one of the first two subjects 
with sucrose with the same result, a rise of only 4 mgm. There was no 
significant change in the reducing substances in the urine in any subject 
The same subjects who showed almost no rise at 5,340 meters were tested 
again one week after they reached sea level and showed rises in blood 
sugar of 38 and 52 mgm. respectively. The tolerance curves for these 
two subjects are shown in figure 1A. The third subject, who after 6 days 
at 5,340 meters gave a normal curve, had abnormal curves at sea level, 
figure 1B. Three months later the same experiment was performed in a 
chamber with a normal barometric pressure but only 12 per cent O» 
The glucose was taken one hour after entering the chamber. The results, 
given in figure 1C, are on the border of the normal range. 

It is difficult to interpret the great increase in glucose tolerance in two 
of the subjects. (In this paper “‘tolerance”’ refers to the sugar in the blood 
after the ingestion of glucose and not to the sugar in the urine.) They 
had been losing weight rather steadily (as had all members of the party), 
one of them had a large appetite and was eating rather heavily, the other’s 
appetite was a little subnormal. In both of them the rectal temperature 
at this altitude was about 0.6°C. above what was normal for them at sea 
level. The loss of weight suggests undernourishment, but it has been 
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shown that starvation decreases glucose tolerance (26), (27) and that 
diets low in carbohydrates and high in protein or fat decrease the toler- 
ance (27), (28), (but see (29)). The extensive literature has been sum- 


——— AFTER DAYS AT 5340m. 
AT SEALEVEL 


O SUBJECT HC. 


AFTER 6 DAYS AT 5340m. 
A —— AT. SEA LEVEL 


+ SUBJECT B.D. 


A2% O, AT SEA LEVEL 
~~~ ORDINARY AIR,SEA LEVEL 


SUBJECT WF 


0 90 
MINUTES AF TER TAKING 100 GM. GLUCOSE 


Fig. 1. Glucose tolerance curves. A, at sea level, and after 18 days at 5,340 
meters. B, another subject, at sea level, and after 6 days at 5,340 meters. C, ina 
chamber with 12 per cent O, for 1 hour before taking the glucose and during the 
test, and in ordinary air. The curves marked WN are clearly within the normal range, 


those marked Q are on the border of it, and those marked A are, to different degrees, 
abnormal. 


marized by various authors (26), (27), (29), (30), but they mention only 
two circumstances (outside of pathology) in which the tolerance is in- 
creased, namely, after repeated doses of glucose, and in children after 
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ketosis has been abolished by a normally balanced diet. Neither of these 
conditions obtained in our experiments, and it is hard to see what could 


4 


cause the increase. The main pathological conditions in which glucose 


tolerance is often high are thyroid deficiency, pituitary deficiency, Addi- 


son’s disease and sceleroderma. There are two papers reporting un- 
changed glucose tolerance at low oxygen tensions, one in rabbits (31 
and one in men (5). 

Evans (32) working on rats gives figures showing a small increase in the 
blood sugar and a very large increase in liver glycogen when they were 
kept at 3 atmosphere for 24 hours. This suggests a possible explanation 
for the increased glucose tolerance, namely, a low glycogen content at 
the time of the tests due to a slightly insufficient diet over a period of 
weeks (cf., the loss of weight) and the 15 hours’ fast immediately preced- 
ing the tests, combined with a tendency of the liver to contain (and there- 
fore presumably to form) more glycogen at low O2 pressures. However, 
Wertheimer (8) and Montuori and Sapegno (30) state that there is less 
glycogen in the livers and also in the muscles of mice, guinea pigs, and 
dogs under diminished pressures. 


SUMMARY 


Determinations were made of the amount of sugar in the blood of ac- 
climatized subjects in rest and work at various altitudes up to 6,140 meters. 
Glucose tolerance tests were given at 5,340 meters. 

The blood sugar in rest rose slightly with altitude, but it is not certain 
whether this can be attributed to the altitude. 

The behavior of the blood sugar in work was approximately the same 
at all altitudes. 

The glucose tolerance was greatly increased at 5,340 meters in two 
subjects and changed, though not increased, in a third who has an ab- 
normal tolerance curve at sea level. 
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The relation of bile to the excretion of sterols in the feces of dogs has 
been extensively studied, but the nature of the observations hitherto made 
on humans has been such that definite conclusions could not safely be 
drawn from them. Sperry (1) showed that on a lipid free diet, dogs 
with complete bile fistulas excreted from 1.5 to 4.5 times as much unsaponi- 
fiable material in their feces as in the normal state. On the basis of colori- 
metric analyses, he concluded that ‘“‘cholesterol’’ excretion was also in- 
creased in the same proportion. Beumer and Hepner (2) found that in 
the feces of dogs fed on a diet containing 19 mgm. of sterol per day, the 
sterols estimated as cholesterol by digitonin precipitation increased to 
from 4 to 7 times the normal level after a bile fistula was established. On 
a cholesterol free diet their dog excreted 0.026 gram of sterol per day 
This rose to 0.136 gram per day after a bile fistula had been established 
and fell to 0.085 gram per day when 100 ec. of bile containing 0.014 gram 
of cholesterol was added to the diet. No exactly comparable studies have 
been made in humans. Beumer (3) found that a patient with complet: 
common bile duct obstruction excreted slightly less sterol than a patient 
without organic disease on the same diet. Salomon (4) also found that 
a patient with complete bile obstruction excreted essentially the same 
amount of sterol as normal controls. 

This report deals with observations on two patients whose bile could be 
diverted from or let into their intestinal tracts at will for intervals of several 
weeks. Both patients were operated on because of recurrent biliary ob- 
struction following cholecystectomy. At operation, the bile duct was 
found to be greatly dilated and a wide rubber T-tube was inserted for 
drainage. In each case, as long as the tube was left open, the resistance 
of the sphincter at the ampulla of Vater was sufficient to keep the stools 
free from bile pigment. When the external end of the T-tube was closed, 


the bile ran into the intestines and bile pigment appeared in the stools 


within twenty-four hours. Further details about the fistulae, which govern 
the validity of subsequent observations, are completely described in the 
case of D. W. in a previous paper (6). 
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Diet. The patients were on the ordinary hospital low-fat diet. A 
careful record of everything eaten by D. W. during period B was kept. 
The diet in her subsequent periods followed this as closely as possible. In 
period D her diet was weighed and a duplicate was analyzed by the same 
procedure as that used for the stools. In the case of patient H. the diet 
was one-half by weight of that eaten by D. W. during period D. The 
stools were demarcated by 0.5 gram of carmine given at the beginning 
and end of each period. 


The total stools for each period were collected, mixed thoroughly, acidified with 
glacial acetic acid and dried by powdering with anhydrous sodium sulphate. About 
500 grams of powdered stool were continuously extracted with hot ether for 24 hours 
in a modified Clark extractor! (5). Subsequent 24 hours’ extraction yielded only 
traces of ether-soluble material. The ether extract was washed free of Na.SO, with 
water and evaporated to constant weight on a steam bath in a stream of air. After 
saponification by refluxing for two hours on a steam bath with 7 per cent KOH in 90 
per cent methyl alcohol, the contents of the flask were washed into a separatory 
funnel with ether and water. More ether and water were added and the contents 
shaken gently to extract the ether soluble material. After standing long enough to 
give a sharp separation of the two layers, the water was drawn off into a second sepa- 
ratory funnel and repeatedly shaken with ether until the ether layer was practically 
colorless. The combined ether layers were washed once with water and this water 
layer extracted again with ether. All ether layers were combined and washed re- 
peatedly with water until free of alkali. The ether solution containing the un- 
saponifiable fraction was then evaporated to constant weight on a steam bath in a 
stream of air. The sterols in the unsaponifiable fraction were determined gravi- 
metrically after precipitation by digitonin in 80 per cent ethyl aleohol. Most of the 
procedures were done in duplicate and checked within a few percent. 


The results are given in table 1. It is clear from the table that in the 
absence of bile from the intestines the total weight of ether soluble material 
excreted in the feces was about 3 to 4 times the normal amount. The 
excretion of unsaponifiable material however remained practically un- 
changed in the case of D. W. and increased to about 1.5 times the normal 
in case H. The excretion of digitonin precipitable sterols in both cases 
was definitely less than when bile was present, even though the difference 


between two bile free periods is greater than the difference between one 


bile free period (D) and one period with bile (C). In all periods more 
sterols were excreted than were ingested. 

The increase in the total ether soluble material of the feces in the periods 
when the fistula was open is in agreement with the findings in practically 
all similar studies on humans or animals without bile in their intestinal 
tract. It is of interest here, principally, as additional confirmation of 
the exclusion of bile from the intestines. 

In the excretion of sterols, however, our patients reacted to the exclu- 


1 A coil of } inch copper tubing was used instead of a flask as a condenser. 


TABLE | 


Fecal sterols urith and without bil 


PE- PROCEDURE AND CONDITION OF 


> ENT 
PATIE RIOD EXPERIMENT 


OF ETHER 
EXTRACTOP FECES 


PEK DAY 


WEI 


Operation: Stones removed 
from common and hepatic 
ducts. T-tube inserted in 
common duct. Free bile 
drainage. No bile in stools 

Drainage tube closed. Pa- 
tient ambulatory. Bile 
running freely into intes- 


tines. Bile pigment in fece 

shortly after 
25 to| Bile fistula closed. Ambu- 2 9: 35 0.1150 755 
3/7 latory. Bile running freely 
(10) 


B 


into intestines. Bile pig- 
ment in feces 
3/26 to} Same as above 16 0. 1150.729 
4/5 
(10) 
4/6 Tube opened. Bile allowed 
to run out through drainage 
tube 
Bile fistula open. Patient in 0.119.0.518 
bed. No bile pigment in 
feces. Total of 4.2 gm. of 
extra fat like olive oil by 
mouth on two middle days 
Bile fistula open. Ambula- 0.1150. 235 
tory. No bile pigment in 


feces 


Operation: common duct re- 
construction. T-tube in- 
serted. Free bile drainage. 
No bile in stool 
Bile fistula open. Patient in | 6.90) 0.43 | 0.78 (0.0870.197 
bed. No bile pigment in 
feces; 10.5 gm. extra fat 
(olive oil) by mouth on 
middle day 
Tube closed. Patient in bed 
Bile fistula closed. Patient | 1.43) 0.47 0.47 0.0580.274 
inbed. Bile running freely 
into intestines. Bile pig- 
ment in feces 
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sion of bile in a manner different from that of the dogs of Sperry (1) and 
of Beumer and Hepner (2). Sperry believed that the amount of stero! 
in the feces was maximal in bile fistula subjects because the absence of 
bile salts hindered the reabsorption of sterols excreted by the intestinal 
mucosa. Though our data are in complete agreement with his findings, 
that sterols are excreted by the intestinal mucosa, the fact that our pa- 
tients excreted larger amounts of sterol in the feces when bile was admitted 
to their intestines, casts doubt on the applicability to humans of his inter- 
pretation of the rdle which bile plays in the reabsorption of sterol. 

On the other hand, the presence of relatively large amounts of choles- 
terol in human bile (7) (8) as compared with dog bile may account for 
this apparent difference. In the case of H. the difference between the 
fecal sterols in the normal control and bile fistula periods was 77 mgm. per 
day. Fox (8) has calculated from data in the literature that human fistula 
bile, which probably contains no more sterol than normal human liver 
bile, contains on the average 340 to 400 mgm. of cholesterol per day. If 
we subtract this from the 274 mgm. of fecal sterol in the period when bile 
was allowed to run into the intestine, we find that more than the entire 
amount of sterol secreted by the intestinal mucosa in the bile-free period 
could have been reabsorbed in the presence of bile. Similar calculations 
for D. W. show that somewhat larger amounts of cholesterol such as have 
occasionally been reported (8) for the daily excretion from a bile fistula 
could easily have changed the apparently increased excretion of fecal 
sterol when bile was present, to values compatible with those found by 
Sperry and Beumer and Hepner in dogs. Similar calculations on their 
data indicate that if the sterol content of dogs’ bile had been similar to 
that of human bile, their results would have been in good agreement with 
our findings in human subjects. 

The above calculations are based on the assumption that the biliary 
cholesterol may be considered simply as cholesterol added to the intestinal 
content without any special ease of absorbability. If this assumption is 
even approximately correct, it may be that the rdéle of bile in the absorp- 
tion of sterols is the same in humans asin dogs. On this basis the apparent 
difference would be due to the high cholesterol content of human bile. 


SUMMARY 


Data on human subjects have been presented indicating that fecal 
sterol excretion is decreased when bile is excluded from the intestines. 
It is suggested that the apparent difference between our findings in humans 
and the findings of other observers in dogs may be due to the high choles- 
terol content of human bile as compared with dog bile. 

Grateful acknowledgment is made to Dr. Rudolph Schonheimer for his 
valuable advice in the course of this work. 
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The administration of insulin to the depancreatized dog (1) or to the 
patient in diabetic coma (2) results in an immediate decrease in the ace- 
tone body content of the blood. This antiketogenic effect of insulin 
generally is ascribed to the stimulation of carbohydrate oxidation in the 
tissues on the assumption that in these conditions there is a decrease in 
carbohydrate utilization by the muscles. However, there is ample evi- 
dence that the depancreatized animal uses carbohydrate in the extra- 
hepatic tissues (3) (4). This fact makes it improbable that the current 
hypothesis can serve as an adequate explanation of the action of insulin 
in the prevention of ketosis. 

In a previous report we presented evidence which demonstrated that 
the administration of a neutralized alkaline extract of the anterior lobe 
of the hypophysis to normal rabbits results in the rapid appearance and 
accumulation of acetone bodies in the blood. Since this ketosis does not 
occur in the liverless rabbit, it was concluded that the liver is the sole 
source of the acetone bodies thus produced (5). In view of these con- 
siderations it became of interest to investigate the effect of insulin on the 
ketogenic action of this anterior hypophyseal extract. If the action of 
insulin is due only to stimulation of the carbohydrate oxidation in the 
extrahepatic tissues, it should exert no effect on the formation of ketones 
by the liver. On the other hand, since insulin has no effect on the rate 
of the removal of acetone bodies from the blood (6), any inhibitory effect 
of insulin on the ketogenic action of the anterior hypophyseal extract 
must be due to some specific action in the liver. 

Metuops. This study was carried out on white, male, New Zealand 
rabbits weighing approximately 2 kgm. All the animals were fasted for 
twenty-four hours. Sodium pentobarbital anesthesia was employed 
throughout all experiments to permit the withdrawal of blood samples 
from the exposed femoral artery. As in the previous study, the ‘total 


1 Aided by the David May Memorial Fund. 
2 Presented before the American Physiological Society, March, 1936. 
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acetone”’ of the blood was determined by a modification of the Van Slyke 
and Fitz method. Blood samples were drawn before, and at hourly 
intervals after the administration of the extract. All values below 
mgm. per cent were regarded as zero since that is within the error of the 
method. 

The neutralized alkaline anterior hypophyseal extract employed ir 
this study was exactly the same as that used in our previous experiments 
The administration of the equivalent of two grams of fresh gland was 
followed immediately by the subcutaneous injection of insulin into the 
opposite side of the body in doses varying from 1.3 to 3 units per kilo- 
gram of body weight. 
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HOURS 


Fig. 1. Graphic representation of the average ‘‘total acetone’’ content of the blood 
of normal rabbits following the administration of A, neutralized alkaline extract of 
the anterior hypophysis alone; B, extract and insulin; C, extract and ergotamine 


As a result of our findings in the above experiments, another set ot! 
rabbits was treated with the anterior hypophyseal extract after the 
preliminary intramuscular administration of 2.0 mgm. ergotamine tar- 
trate per kilogram of body weight. 

Resutts. The results are graphically summarized in figure 1. It is 
apparent that the concomitant administration of insulin produces a 
marked inhibition of the ketogenic effect of the anterior hypophyseal ex- 
tract. Whereas the average “total acetone” in the blood of six rabbits 
treated with the extract alone reaches a value of 14 mgm. per cent in one 
hour, and 18 mgm. per cent in two hours (fig. 1, A), that of the six rabbits 


3 We are indebted to Dr. E. D. Campbell of the Eli Lilly Research Laboratories 
for generous supplies of powdered, anterior hypophyseal extract and insulin, and to 
the Sandoz Chemical! Works for ergotamine tartrate 
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treated with the same extract and insulin is 0.7 mgm. per cent and 1.7 
mgm. per cent at the same intervals of time (fig. 1, B). 

It also may be noted that the preliminary administration of ergotamin« 
tartrate prevents the accumulation of ketones in the blood of rabbits re- 
ceiving the anterior hypophyseal extract (fig. 1, C). 

Discussion. These results demonstrate the fact that insulin inhibits 
the ketogenic action of an extract of the anterior hypophysis which has 
been shown previously to be effective only in the presence of the liver. 
In view of this, it becomes probable that the antiketogenic action of 
insulin must be due to some specific effect on the liver. It is improbable 
that an acceleration of the removal of glucose from the blood by the 
extrahepatic tissues is a direct factor in this ketolytic action of insulin, 
because these tissues do not play any significant réle in the production of 
ketone bodies (5). Nor is it likely that the administration of insulin in- 
creases the rate of acetone utilization by the tissues since Chaikoff and 
Soskin have shown that the utilization of this substance is the same in 
both normal and depancreatized animals (6). 

Since insulin is antiketogenic because of some effect on the liver, it 
becomes of interest to inquire into the mechanism of this action. On 
function of insulin that is generally accepted is its ability to inhibit the 
hepatic glycogenolysis induced by various means. This action is indi- 
cated by the fact that the liver of the depancreatized dog can make glyco- 
gen when glucose is administered in large amounts (7), but cannot retain 
it unless insulin is administered at the same time. Similarly, insulin 
inhibits the hepatic glycogenolytic action of epinephrin (8). When this 
function of insulin is correlated with the fact that the production of ketone 
bodies is usually found in association with a glycogen poor liver, it be- 
comes probable that the antiglycogenolytic action of insulin may be re- 
sponsible for its antiketogenic effect. This probability is supported by 
the fact that insulin exerts a ketogenic action when it is administered to 
normal adult animals where it is known to produce a depletion of liver 
glycogen. Thus, Burn and Ling (10) demonstrated that when insulin 
augmented the winter ketosis of rats fed high fat diets, it concomitantly 
prevented the accumulation of liver glycogen which normally occurred 
in these animals. In 1923 Collip (11) observed that the urine collected 
immediately after the onset of insulin hypoglycemic convulsions in rab- 
bits contained appreciable amounts of ketone bodies. Low and Krema 
(12) found that insulin always produces a primary rise in the blood and 
urinary ketone bodies of human subjects and rats. With the latter 
species they demonstrated that this effect of insulin is associated with an 
increase in liver ketones and depletion of liver glycogen. It is also note- 
worthy that ketosis occasionally occurs in association with the hypo- 
glycemia that characterizes the clinical condition of “hyperinsulinism”’ 
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consequent to the hyperactivity of the islands of Langerhans (13). 
facts make it apparent that insulin exerts a ketolytic effect when ut 


glycogenolytic in action and, conversely, it exerts a ketogenie effect when 


glycogenolytic with regard to the liver. 

If these deductions are correct then any substance which will inhibit 
hepatic glycogenolysis should also prevent the production of ketones 
This is borne out by our observations on the ergotaminized anima! (fig 
1,C). Itis now well established that ergotamine will prevent the hepati 
glycogenolysis produced by various agents, especially epinephrin. The 
observations of Corkill, Marks and Soskin indicate that this antiglyco- 
genolytic effect is more specific for the liver than it is for muscle since 
they found that the glycogenolytic effect of epinephrin on muscle is not 
annulled by ergotamine (14). Thus we find that a drug which exerts a 
specific antiglycogenolytice action on the liver also inhibits the production 
of the acetone bodies which are normally produced by the administration 
of an extract of the anterior hypophysis. 

These observations are in accord with a working hypothesis which we 
presented in a previous report. According to this hypothesis, the pro- 
duction of acetone bodies is the result of an increased catabolism of non- 
carbohydrate foodstuffs (gluconeogenesis) in the presence of a relative 
decrease in the carbohydrate available for oxidation by the cells of the liver. 
The latter may result from carbohydrate starvation (as in “hunger dia- 
betes’’) or from a persistently accelerated hepatic glycogenolysis (as in 
“pancreatic diabetes’). Thus, both “non-utilization” and “‘over-produc- 
tion” of carbohydrate are believed to occur in the liver, the carbohydrate 
utilization of the extrahepatic tissues remaining essentially undisturbed. 
From this point of view it is obvious that the muscles of the diabetic or- 
ganism will be able to utilize acetone bodies at the same rate as those of 
the normal animal (6) since these substances can be completely oxidised 
in the presence of adequate carbohydrate oxidation. It is also obvious 
that if the liver glycogen is replenished by the administration of glucose, 
ketone production should cease. This is a common clinical and experi- 
mental experience in nearly all conditions associated with ketosis. The 
chief exception to this is the observation that the ketonuria of the depan- 
creatized dog is not decreased by the administration of a single dose of 
glucose (15). However, we have observed that even in the depancreatized 
dog, ketosis can be inhibited by the prolonged continuous administration 
of glucose (16). 


SUMMARY AND CONCLUSIONS 
1. Insulin, a physiological agent, and ergotamine, a pharmacological 
agent, inhibit the production of acetone bodies which normally result 
from the administration of a neutralized alkaline extract of the anterior 
hypophysis. 
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2. Since the hypophyseal extract is effective only in the presence of 
the liver, it is probable that these substances exert their antiketogenic 
effects on the liver. 

3. The mechanism of the antiketogenic action of insulin and ergotamine 
is discussed, and it is suggested that these substances owe this action to 
their antiglycogenolytic function. 

4. The mechanism of ketone formation in the liver is discussed. 


We are indebted to Miss Dorothea Hamm for technical assistance, and 
r Dr. Cecil Striker for his constant interest and codperation. 
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In 1927 Behague and collaborators observed that under the influence 
of a diminished barometric pressure the temperature in rabbits suffered 
a decrease. This phenomenon has since been confirmed by Chevillard 
and Mayer (1935) for various animals. In view of the fact that in the 
recent literature (Margaria, 1928; Winterstein, 1934, and others) it was 
claimed that not all effects of lowering of barometric pressure are due to 
the decrease in the partial pressure of Oe, a statement which is in strict 
contradiction to the older observations of Bert (1878), Douglas, Haldane, 
Henderson and Schneider (1913), and others, it seemed desirable to re- 
investigate this problem. The fall in temperature occurring in the low 
pressure chamber, as well as in air which is diluted with nitrogen, seemed 
to lend itself to such a quantitative investigation. 

Metuop. A first series of experiments was carried out in a low pres- 
sure chamber at a barometric pressure of 460 mm. Hg. The temperature 
drop did not amount to more than about 1°C., and seemed insufficient for 
a quantitative study in view of the slight spontaneous variations in tem- 
perature. A further lowering of the barometric pressure was poorly 
tolerated by the animals, but the addition of 9 per cent CO, to the air 
allowed us to lower the barometric pressure to 225 mm. Hg without pro- 
ducing acute symptoms. The same CQO,-tension was used in every series 
of experiments. The animals were kept in the low pressure chamber for 
45 minutes. The temperature before and afterwards was measured 
rectally. 

Resutts. Figure la shows the course of the mean temperature of ten 
animals subjected to a barometric pressure of 225 mm. Hg for 45 minutes. 
The vertical lines drawn through each point of the graph indicate the 
maximal variations. It is obvious that a considerable drop in tempera- 
ture occurs under these circumstances. The normal temperature is 
reached in approximately 60 to 100 minutes. 

In a second group of experiments the low pressure chamber was again 
evacuated to 225 mm. Hg, but then nitrogen was added until atmospheric 
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pressure was attained. Thus was obtained a condition of normal atmos- 
pherie pressure with a reduced O:-tension of the same value as in the 
first group of experiments. The result of this experiment carried out 
with eight guinea pigs (fig. 1b) shows that almost exactly the same drop 
in temperature occurs under these circumstances and that approximately 
the same time is required for a complete recovery. The mean tempera- 
ture fall obtained immediately after the exposure of the animals to a re- 
duced partial pressure of O2 was 2.6°C. in the first group, and 2.4°C. in 
the second. The standard deviation in the first group was 0.23°C., and 
in the second group 0.16°C., the standard errors being 0.07° and 0.06 
respectively. This quantitative agreement seems to prove conclusively 
that the lowering of barometric pressure causes a drop in temperature by 
the reduction of the partial pressure of Oz. In order to further elucidate 


Fig Ib 


Min. O 10 20 30 40 50 60 70 80 90 100 Min. O 10 20 30 40 50 60 70 80 90 iO 


Fig. 1. The curves represent the mean rectal temperatures of guinea pigs before 
and after exposure to the same decrease in partial pressure of O. with (fig. la) and 
without (fig. 1b) decrease in barometric pressure. The vertical lines drawn through 
each point represent the maximal variations. 


the significance of the partial pressure of O2 under these conditions the 
following experiment was carried out. Guinea pigs were placed in the 
low pressure chamber, the pressure was reduced to 225 mm. Hg as before, 
and then O2 was added until atmospheric pressure was reéstablished. The 
tank was then evacuated again to a pressure of 225 mm. Hg, thereby re- 
ducing the partial pressure of O2 to 149mm.Hg. Thus the condition was 
obtained that the barometric pressure was the same as in the first group 
of experiments, but the partial pressure of O2 was slightly higher than in 
air at normal atmospheric pressure. The experiments carried out with 
eight guinea pigs indicated that the body temperature remained unaltered 
The maximal differences in temperature were 0.2°C. This proves that 
it is the reduction of the partial pressure of O2 that lowers the body tem- 
perature, and that the alteration of the barometric pressure per se has 
no effect whatever. 
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PARTIAL PRESSURE OF OXYGEN AND BODY TEMPERATURE 


SUMMARY 


Three groups of experiments are reported in which guinea pigs were 


subjected: a, to a lowered barometric pressure, normal air being used so 


that atmospheric pressure and partial pressure of O2 were 
b, to a reduction in the partial pressure of O2 at normal barometri: 
sure; c, to a reduction of barometric pressure at normal partial pressure 
of 

The temperature remained normal in group ¢ and was lowered in b and 
c to the same degree, thereby showing that the partial pressure of O» 
influences the body temperature and that alterations in the barometric 
pressure are without any effect. 
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In a recent paper, we reported that the rat’s stomach perfused with 
solutions of acetylcholine (a.c.) responded with vasoconstriction (1). Per- 
fusion of isolated segments of mesenteric and gastric arteries and veins 
from dog and man resulted in constriction when a.c. was added to the 
perfusion fluid (2). In these two papers the literature pertaining to this 
subject was reviewed and discussed. Our findings of vasoconstriction in 
the vascular bed of the rat’s stomach due to a.c. (1) prompted us to examine 
this effect under more physiological conditions, using the stomach of the 
dog, which is more similar to that of the human, anatomically and physi- 
ologically. Our interest in this problem was promoted by the work of 
Dale and Feldberg, announcing the presence of increased amounts of a.c. 
in the splenic blood after stimulation of the vagi (3). If the stomach of 
the dog showed a considerable degree of vasoconstriction to small doses of 
a.c., a possible explanation for the genesis of gastritis and peptic ulcer 
might be entertained. This belief was strengthened by the fact that the 
stomachs of ulcer patients frequently display permanent and increased 
activity, which may be due to a more continuous production in these 
stomachs of a.c. than occurs in normal stomachs (1). 

Metuops. Dogs were placed under ether or pentobarbital anesthesia. 
The following experimental procedures were employed: 1, perfusion of 
the excised stomach of a smaller dog by a larger perfuser dog and measure- 
ment of the rate of flow through the small stomach; 2, measurement of 
the rate of bloodflow through an innervated stomach in situ; and 3, on- 
cometry of viviperfused stomachs. 

Preparation: ad 1. The method previously described by Lim, Necheles 
and Ni (4) was employed, except that Payr cannulas were used for intima 
to intima anastomosis of the blood vessels. The celiac artery and the 
portal vein of the excised preparation were connected to the common 


! A report of this work was presented at the 48th Annual Meeting of the American 
Physiological Society, 1936. 
Acetylcholine was supplied by Hoffmann-LaRoche 
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The hepatic artery of the excised stomach was used for injection of a.c 
The superior mesenteric vein of the isolated stomach was prepared and 
utilized for measuring the venous outflow from the perfused stomach, 
using a pipette and stopwatch (method of Barcroft and Kato, 5). In 


determining the rate of flow, the portal vein was closed with a bulldog 


a 


carotid artery and external jugular vein respectively of the perfuser dog 


clamp and the superior mesenteric vein opened simultaneously, and the 
time taken for a given volume of venous blood from the stomach to flow 
into the pipette. After the reading was taken, the clamp was removed 
from the portal vein and the blood from the pipette permitted to return 
into the portal-external jugular vein. A few drops of sodium citrate in 
the pipette prevented clotting. The injection of a.c. into the hepatic 
artery was made either by constant injection (modified Woodyatt pump), 
or with a syringe and fine needle (1 minute injection time). A balloon 
in the perfused stomach, connected to a water manometer, recorded gas- 
tric motility. A glass tube tied into the pyloric canal permitted the 
evacuation of gastric secretion. The blood pressure of the perfuser dog 
was recorded by means of a mercury manometer. 

Ad 2. The entire intestinal tract from the duodenum down was re- 
moved without interfering with the blood or nervous supply to the stom- 
ach. The superior mesenteric vein was isolated and utilized as in 1 for 
measuring the rate of bloodflow through the stomach. The splenic artery 
was utilized for injection of a.c. 

Ad 3. A simple metal oncometer was used. The preparation of the 
stomach was as in 1, but no balloon was inserted into the stomach, because 
motility would have vitiated the recording of volume changes of the 


stomach; a sensitive Palmer piston recorder was used for the latter pur- 
pose. A tube in the pylorus was opened from time to time to enable 
the stomach to expel its secretion. The excised stomachs in | and 3 were 
anoxemic for 5 to 12 minutes. 


The experiments lasted from 2 to 6 hours. Only such tests are being 
reported in which constant control readings of bloodflow were obtained, 
and in which the bloodflow had returned to the control level after the in- 
jection of a.c. was stopped. No readings are reported which were taken 
during gastric contractions. All experiments in which the stomach did 
not respond to adrenaline or larger doses of a.c. with vasoconstriction and 
motility respectively were discarded. The differences in bloodflow in 
table 1 are expressed as percentage change from preceding controls which 
had to be constant for a period of 10 minutes; the doses of a.c. are ex- 
pressed in gammas. The limits of error of the method for measuring 
bloodflow including physical and biological variations, we consider to be 
within +10 per cent, and only values beyond this are significant. The 


secretion of the stomach consisted of mucus, but was never so copious as 


NECHELES, 


| st PER 
CENT 
CHANGE 
or 
| venous | 
jou TFLOW 


ACETYL 
CHOLINE 
GAMMA PER 
MINUTE 


Denervated stomach | 


Expt. 1 


005 

01 

25 

0 

0 

0 +37 
0 +51 


Expt. 2 


002 
004 
0 


Expt 
O01 


+28 
+65 
+25 


ACETYL 
CHOLINE 
GAMMA PER 
MINUTE 


LEVITSKY, 


KOHN, MASKIN AND FRANK 


TABLE 1 
Effect of acetidcholine on bloodflow through the dog’s stomach 
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to warrant a correction for the rate of perfusion as measured by 
venous outflow. 

Resutts. The experiments on the denervated and innervated stomac 
are reported in table 1. All of the stomachs responded to relatively large 
doses of a.c. with muscular contraction. The sensitivity and reactis 
of the individual preparations varied, and therefore no averages are 
sented. Nevertheless most of the experiments agree in essential features 
Smallest concentrations of a.c. did not produce any significant effect on 
the rate of gastric perfusion; e.g., (expt. 1) 0.005 gamma, (expt. 17) 0.01 
gamma, etc. With increasing doses of a.c. a diminution of the rate of 
gastric perfusion occurred; e.g., expt. 1 with 0.01 gamma, minus 36 pet 
cent, etc.; further increase of the dose of a.c. produced a reversal of the 
preceding effect, and a greater rate of perfusion was recorded; e.g., expt 
1 with 5.0 gamma, plus 24 per cent, etc. A response to a.c. as described 
above was observed with denervated stomachs in experiments 1 to 13 
and with innervated stomachs in experiments 14 to 17.) In a number of 
experiments the change from diminished to increased perfusion rate could 
be demonstrated to pass through a zero point; as in experiments 5 with 
0.004 gamma, 7 with 2.0 gamma, 9 with 10.0 gamma, 14 with 0.2 gamma 
and 17 with 0.24 gamma. It was noted sometimes that larger doses of 
a.c. produced less increase of flow than smaller doses; e.g., in experiment 
7,100 gamma of a.c. produced +21 per cent increase of flow, while 10 
gamma produced +31 per cent. This is in line with our observations on 
the rat’s stomach (1) and on isolated bloodvessels (2) where we found that 
relatively high concentrations of a.c. diminished the sensitivity of the 
stomach and often killed the preparation. 

In experiments N1 to N3 only diminished rate of perfusion was obtained 
and in experiments P1 to P7 only increasell rate of perfusion was seen 
following a.c. It is assumed that in these latter two groups either too 


small or too large doses were given, so that the entire range of a possible 


biphasic (or reversed) reaction was not tested. This was not due to 
experimental error, but rather to the fact that in the process of evaluation 
many results had to be discarded, either because controls were found to 
be unsatisfactory or careful checking of simultaneous points on the records 
revealed that gastric motility occurred at the time the readings of blood- 
flow were taken. In some cases the preparation died before all concen- 
trations of a.c. could be tested. Therefore we believe that experiments 
1 to 17, representing 63 per cent of all experiments done, are typical of a 
biphasic response to a.c. in the denervated and innervated stomach 

Oncometry. Four experiments were performed and since the results 
were uniform, they are presented in one table (table 2). 

Doses from 0.01 to 100 gamma increased the volume of the stomach. 
Due to technical difficulties the rate of perfusion could not be measured 
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simultaneously with the gastric volume. In 3 cases the increase of volume 
was preceded by a slight drop. This drop was transient (30 seconds) and 
not comparable to the biphasic effect reported above, because in the experi- 
ments in which the rate of flow was determined, the increased or decreased 
rate of flow was maintained as long as the injection of a.c. lasted. 
DiscussION AND coNcLUsIOoNS. Hunt (6) and Fleisch (7) have de- 
scribed a biphasic effect of a.c. on bloodvessels of dogs and cats. Hunt 
perfused the liver, Fleisch used mesenteric veins. Both of them obtained 
constriction with large doses and dilatation with smaller doses of a.c. 
Fleisch stresses the importance of handling the veins with extreme care 
and of using preparations with intact innervation (in situ), because other- 
wise only contraction is obtained with a.c. While our results agree with 
those of Hunt and Fleisch in that we obtained a biphasic response to a.c., 
they are opposed to theirs in two important points. With methods 1 and 


TABLE 2 


Oncometry of the denervated perfused stomach 


ACETYLCHOLINE IN GAMMA STOMACH VOLUME 


01 No change 

4 Increased + 

0 Increased (+) 

2 Increased + 

0 Increased +. Preceded by slight fall 
0 Increased ++ 

0 Increased +. Preceded by slight fall 
0 Increased +++ 

0 Increased ++ 

0 Increased ++. Preceded by slight fall 


2, we observed contraction with small doses and dilatation with increasing 
doses, and denervation of the stomach did not affect our results. This 
last finding convinced us that innervation was not necessary for biphasic 
response and therefore in perfusion experiments on mesenteric and gastric 
veins and arteries of dogs we did not attempt to use innervated vessels. 
Although similar care was taken as Fleisch did in the preparation of the 
vessels, only contraction was obtained with a.c., which was more marked 
in the veins than in the arteries; and no biphasic response was seen (2). 

The question arises as to where in the vascular bed of the stomach con- 
traction and dilatation, respectively, occurred in our experiments. In the 
oncometric experiments doses from 0.01 to 100 gamma resulted in in- 
creased gastric volume. Since the rate of perfusion could not be deter- 
mined in the oncometric experiments we can only speculate about their 
interpretation. Assuming that in some of them slowing and in others an 
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increase of the rate of perfusion occurred, the greater stomac} lume it 
both cases can be interpreted to mean that capillary dilatation occurre: 
in both but that a considerable degree of constriction of veins occurred 
only with smaller doses. That the biphasic effect of a.c. is not a phenom- 
enon of physiological rebound was demonstrated by constant injection, 


iil 


by which the effects of diminished or increased rate of gastric perfusion 
could be maintained as long as the injection lasted (5-20 min.). Con- 
tractions of the stomaeh did not produce constant effects on bloodflow 
through the stomach. This is in agreement with previous observations 
of one of us (4), but opposed to the findings of Burton Opitz, who re- 
ported increased rate of flow following gastric contractions (8). There is 
a remote possibility, however, that contractions of the gastric muscularis 
mucosa, not recorded by the balloon-water manometer method, may 
change the rate of gastric blood flow. In a number of experiments in 
which the bloodflow was measured, an increased rate of perfusion was 
followed by a slightly decreased rate of perfusion and vice versa. 

In relation to the problem of the genesis of peptic ulcer the question 
arises as to what concentration of a.c. may occur physiologically in the 
stomach: that producing a decrease or that producing an increase of the 
bloodflow through this organ. Dale and Feldberg (3) determined quanti- 
tatively that the amount of a.c. liberated in the dog’s stomach following 
stimulation of the vagi is approximately 2 gamma per cent of a.c. They 
used eserine in order to inhibit destruction of the a.c. by blood and tissue 
esterase. We cannot calculate, with exactness, the degree of dilution of 
the a.c. injected in our experiments, and we do not know the rate of its 
destruction. It seems plausible, however, to assume that Dale and Feld- 
berg’s value of 2 gamma per cent is within that range which in most of 
our experiments produced diminution of the rate of gastric perfusion 
Since this decrease of bloodflow amounts to considerable values in a num- 
ber of experiments (minus 36, 31, 64, 25, 96, 65, 19, 20 and 53 per cent in 
experiments 1, 3, 5, 6, 8, 9, 10, 13 and 15 respectively) and since it can be 
maintained as long as the injection of a.c. is continued, we conclude that 
this effect of a.c. may be an important factor in the genesis of ulcer, in 
such areas in which end arteries are found, as in the distal part of the les- 
ser curvature and in the duodenal cap (9-13). The biological variation 
of the effective doses of a.c., the biphasic effect in 65 per cent of our experi- 
ments, and prevalence of vasoconstriction or vasodilatation in the rest 
of our experiments, tends to explain individual predisposition to peptic 
ulcer. 


SUMMARY 


The effect of acetylcholine on the rate of bloodflow through denervated 
and innervated stomachs of 27 dogs was determined. In 17 of these 
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experiments (63 per cent) small doses of acetylcholine decreased the rate 
of bloodflow, while larger doses increased it. In 3 experiments, only 
diminution of flow, and in 7 experiments, only increase of flow was ob- 


served. The bearing of these results on the genesis of peptic ulcer is 
discussed. 


REFERENCES 
(1) Necueves, H., R. Frank, W. Kaye anp E. Rosenman. This Journal 114: 
685, 1936. 
Koun, R., P. Levirsxy, A. A. Srrauss, S. Strauss anp H. NEcHELEs. In 
press, Arch. Internat. de Pharmacodyn. 1936. 
H. H. W. FeLtppera. J. Physiol. 81: 320, 1934. 
Lim, R. K.S., H. NecHELES AND T. G. Ni. Chinese J. Physiol. 1: 381, 1927 
Barcrort, J. AND T. Kato. Phil. Trans. Roy. Soc., B. 207: 149, 1916. 
Hunt, R. This Journal 45: 197, 231, 1918. 
Fieiscn, A. Pfliiger’s Arch. 228: 351, 1931. 
Burton-Opitz, R. Pfliiger’s Arch. 135: 204, 1910 
Dissg, J. Arch. f. mikr. Anat. 63: 512, 1904. 
Reeves, T. B. Surg., Gynec. and Obst. 30: 374, 1920 
Jatrou,S. Deutsch. Ztschr. f. Chir. 159: 196, 1920. 
Horrmann, L. anpD K. Naruer. Arch. f. klin. Chir. 116: 650, 1921. 
Beruet, K. Frankf. Ztschr. f. Path. 30: 472, 1924 


THE CHLORIDE AND ALKALI CONTENT OF THE DUODENAL 
SECRETIONS AND THEIR RELATION TO GASTRI 
ACIDITY AND EMPTYING TIME! 


FRANK L. APPERLY anv M. K. CARY 


From Department of Pathology, Medical College of Virginia. Richmond 
Received for publication April 2, 1936 


Ever since Boldyreff (1914) showed that the acidity of a volume of acid 
placed in a dog’s stomach was rapidly reduced, much controversy has 
raged around the question of the factors regulating acidity. Most of the 
published work relating to this has been done on animals, and compara- 
tively little on man. 

Working entirely on human subjects, one of us has shown a, that the 
individual variations in acidity found in an ordinary test-meal depend 
more on the ability to reduce acidity than on the secretion of acid (Apperly, 
1923); b, that the reduction of acidity depends far more on dilution than 


on neutralization (Apperly, 1926), a fact since confirmed in dogs by the 
ingenious experiments of Wilhelmj, Henrich, Neigus and Hill (1933-35): 
c, that, in spite of the fact that the chloride concentration of pure gastric 
juice is about 0.170 N (Hollander and Cowgill, 1931), the total chloride 
concentration finally reached in a test-meal—though differing widely in 
different individuals (Apperly and Semmens, 1928)—is constant for each 
individual and is unaffected by the addition to the meal of hydrochloric 


acid, sodium chloride, or sodium bicarbonate in different amounts, or even 
by gastroenterostomy (Apperly, 1926); d, that the emptying time of the 
stomach varies with the final total chloride (Apperly, 1926) and with the 
acidity (Apperly and Semmens, 1928), e.g., those people with a low acidity 
and final total chloride generally empty rapidly. 

Krom the above facts the following deductions appear justifiable: 

1. The fall of total chloride and acidity in gastric contents is caused by 
dilution with a solution of lower chloride concentration than that found in 
pure gastric Juice. 

2. The greatest reductions in total chloride of the gastric contents are 
caused by either a, a greater volume of diluting fluids (as suggested by 
Wilhelm] et al., 1933, 1935), or 6, dilution with those solutions which con- 
tain the lowest concentrations of chloride. 

1 Part of the expenses connected with this work was donated by Parke, Davis Co 
of Detroit. 
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It was hoped that a demonstration of the above would throw some light 
on the difficult problem of the regulation of emptying time. 

The investigation of these relationships in animals can be made directly 
by operative methods designed for collecting separately the secretions 
from fundus, pyloric end, duodenum, pancreas, intestine and gall bladder. 
But in man indirect methods must be used. In these experiments we have 
again used the hydrochloric acid ‘‘test-meal,” in spite of the fact that in 
some cases an unknown amount of hydrochloric acid is secreted by the 
stomach even in the presence of the acid introduced, as has been shown by 
Apperly and Norris (1930), Wilhelm] et al. (1933), (and denied by Pavlov, 
1910; Ivy and Whitlow, 1922; MacLean et al., 1928). This secreted acid 
may be masked by more or less neutralization by alkali of pyloric or duo- 
denal origin, producing a certain amount of neutral chloride. It is, how- 
ever, impossible in these human cases to differentiate between that neutral 
chloride which is secreted as such, and that which results from neutraliza- 
tion of secreted acid. These considerations, however, do not appear to 
affect our final conclusions. 

MetxHops. Experiments were made on a number of healthy students 
and hospital patients in the manner first used by Apperly in 1923. Into 
the stomach of each were placed 250 ec. of warmed 0.110 N hydrochloric 
acid, to which was added some indifferent substance which could be easily 
estimated, such as glucose, phenol-sulphonephthalein, urea, or ferric 
chloride, in order to indicate the dilution of the stomach contents. 

Each experiment was carried out on the fasting subject. The Rehfuss 
tube was first swallowed, the fasting contents withdrawn by a syringe 
attached to the tube, the stomach washed out with water till clear, and 
the acid mixture then run in from a large pipette attached to the Rehfuss 
tube. At this moment the subject was instructed to expectorate all 
saliva into a beaker until the end of the experiment. This saliva contained 
no titratable alkali when phenolphthalein was used as indicator. At fif- 
teen-minute intervals 10 ce. samples were withdrawn from the stomach, 
after mixing the contents thoroughly by moving the piston of the syringe 
back and forth seven or eight times. In each sample there were estimated 
the concentrations of total chloride, acid and glucose (or urea, dye, or iron). 
The acid was estimated by titration with fresh 0.01 N sodium hydroxide, 
using phenolphthalein as indicator. Total chloride was estimated by 
Volhard’s method and neutral chloride by difference. When glucose was 
used, MacLean’s method was employed: for urea, MacLean’s urease 
method; for ferric chloride, the method of San Yin Wong (1928) for 
phenolsulphonephthalein a Klett colorimeter. In none of the subjects 
examined did the fasting contents contain glucose, urea, or iron. 

Resutts. The results varied, but the majority were similar to that 
shown in figure 1. This shows that the concentration of acid falls more 
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rapidly than does that of the glucose (or urea, dye, ete.). This indicates 
that at, say, one hour after the administration of the acid mixture, the 
acidity has been reduced from its original strength chiefly by dilution but 
partly by neutralization of acid. Further, as the acidity falls, there is a 
rise of the neutral chlorides, of which obviously only a small part can be 
accounted for by neutralization of acid. The remainder must have been 
secreted as such by the stomach or regurgitated from the duodenum. 

In order to estimate the original chloride and alkali concentrations in 
the diluting fluids the following formula has been used: 


k  G-—-g 


K+A H+A 


where k = the sodium chloride, h = the acid, and g = the glucose (or 
urea, ete.) concentrations in the contents withdrawn from the stomach at 
the moment selected: H7 = the acid, and G = the glucose concentrations in 
the mixture originally placed in the stomach, K = the sodium chloride, 
and A = the alkali concentrations in the mixed diluting fluids, whether of 
gastric or duodenal origin. 

In some of the earlier experiments no glucose or dye was used, and the 
values of K are approximations based on the assumption that AK = 
k H 
H—h 
widely, and in a number of instances even coincided, this approximation is 
near enough for our purposes. It is probable that the error does not ex- 
ceed 0.004 to 0.006 N. 

In addition to these “typical’’ cases (illustrated in fig. 1), there were 
some in which, as already stated, the acidity and dilution curves coincided, 
indicating an absence of alkali in the diluting fluids. In a few others, the 
dilution curve fell more rapidly than the acidity curve, indicating that, as 
already pointed out, gastric acid can be, and occasionally is, secreted into 
the stomach in the presence of a foreign acid therein. These cases have 
been discarded for the purposes of this enquiry. 

In figure 2 the results from experiments on 59 individuals are plotted. 
From each experiment the acidity at one hour is plotted against the cor- 
responding calculated values of K, the original concentration of neutral 
chloride in the diluting fluids secreted by the stomach or duodenum, or 
both. The acidity in 21 experiments is also plotted against the corre- 
sponding calculated alkali concentration of the diluting fluids. 

These experiments show that, in general, the concentration of acid in 
the stomach one hour after acid has been placed therein varies with a, the 
concentration of both neutral chloride and alkali in the diluting fluids 
(fig. 2), and b, the emptying time of the stomach (fig. 3). The latter had 
been demonstrated previously in another way (Apperly and Semmens, 
1928). 


Since in no case did the acidity and dilution curves diverge 
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Discussion. The acidity of the contents of the stomach at any 
ment, say one hour, after a standard volume and concentration 
has been placed therein is of course the resultant of the mixture of the 
acid then remaining in the stomach with diluting fluids secreted by the 
stomach or regurgitated from the duodenum. 

The volume of acid remaining in the stomach at the moment se! 
varies with the emptying time. 
volume of acid remains, while the volume of diluting fluids remains prac- 
tically the same, then acidity will be low. That acidity varies closely with 
emptying time (fig. 3) in spite of other factors, suggests that emptying 
time is the most important factor in regulating acidity. 

As regards the diluting fluids, containing neutral chloride and alkali, 
there is still some controversy as to whether they are wholly secreted by 
the stomach mucosa (as maintained by MacLean and others, 1928) or 
are mostly regurgitated from the duodenum (Bolton and Goodhart, 1931; 
Apperly and Norris, 1930, and others). In dogs, however, Wilhelm} and 
his colleagues (1933, 1935) have shown that both these organs contribute 
diluting fluids, but that the part played by the stomach is relatively small 
In man the little (and conflicting) evidence regarding the neutral chloride 
seems to indicate a diminishing concentration in the following order, viz., 
stomach, pancreas, bile and succus entericus. In dogs Wilhelm] et al 
found the neutral chloride content of pyloric pouches to be 0.085 to 0.135 
N. while fluids from the duodenum, pancreas, and intestine were 0.065 to 
0.100 N. This diminishing chloride concentration in the lower duodenal! 
levels will be referred to later. 

What now regulates emptying time? The well known work of Cannon 
showed that acid in the duodenum closes the pylorus, and many authors 
have demonstrated that the elimination of pancreatic alkali causes the 
stomach to empty moreslowly (Boldyreff, 1914; Apperly and Cameron, 
1923; Wilhelm] et al., 1933). It would appear that the emptying rate ot 
the stomach depends upon the duodenal mechanism for neutralizing or 
diluting acid entering the duodenum from the stomach, and that rapid 
emptying would be brought about by either a higher concentration of 
alkali in, or a larger volume of, the duodenal fluids. The former of these 
possibilities is eliminated by the fact that, as shown in figure 2, in general 
the higher concentrations of alkali in the diluting fluids are associated with 
a higher acidity, which, as figure 3 shows, means slower emptying, al- 
though it is true that, in a few cases (those enclosed in a square in figure 
2) the regurgitation into the stomach of fluids with increased alkalinity 
had the reverse effect, which is not surprising. We are therefore driven to 
assume that acid entering the duodenum is diluted by larger volumes of 
regurgitated fluids. Such larger volumes indicate a regurgitation from 
the lower levels of the duodenum or upper jejunum, levels at which chlo- 
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rides are secreted, according to evidence discussed above, at lower concen- 
trations. If this reasoning is correct we would therefore expect the lower 
concentrations of neutral chloride in the diluting fluids to be associated 
with rapid gastric emptying and therefore low acidity. Our experiments 
show that this is so 


CONCLUSIONS 


1. When hydrochloric acid is introduced into the human stomach it is 
found that: 

a. The acidity is reduced, chiefly by dilution and to only a small extent 
by neutralization, 

b. The rate of reduction of acidity varies directly with the rate at which 
the stomach empties. 

ce. The rate of reduction of acidity varies inversely as the concentration 
of neutral chloride and alkali in the fluids which dilute the gastric contents. 

d. The concentration of alkali in the human duodenum varies from 0 
to 0.075N. 

2. A consideration of these results and the work of others leads us to 
believe that the diluting fluids of lower salt and alkali concentrations are 
derived from the lower levels of the duodeno-jejunum and are regurgitated 
in greater volumes, producing a more rapid reduction of acid in the duo- 


denum and more frequent opening of the pylorus. The stomach contents 
are, therefore, more rapidly emptied and diluted. The result is a low 
acidity of the gastric contents. High acidity is the result of an opposite 
set of conditions. 
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Recently, we have shown that the tissues in contact with the heart 
differ sufficiently in their electrical conductivity to give some of them a 
greater role than others in carrying away the currents which the heart 
generates (Katz and Korey). It was shown further that certain regions 
of the heart gain a decided advantage over the rest when they are con- 
nected through a good electrical conductor to a region on the chest nearer 
to one of the two recording electrodes employed (Katz, Gutman and Ocko). 

These observations indicated the importance of the electrical properties 
of tissues adjacent to the heart in determining the electrical field set up 
by it. In the present communication observations are reported on the 
effect of introducing good metallic or non-metallic electrical conductors 
adjacent to the heart on the electrical records obtained from it. The 


action of these good conductors is not simple, but as was soon apparent, 
they act in at least three different manners, viz: 1, by offering shunts for 
the currents generated by the heart; 2, by altering the relative contribu- 
tion of the various regions of the heart to the recorded electrical curves, 
and 3, by creating electrical stresses, the result of frictional electricity 
between dissimilar conductors. The relative importance of these actions 
was found to depend on the method of recording the electrical curves, on 


the presence or absence of regions of injury in the heart, and on the na- 
ture of the electrical conductor introduced. 

Metuops. Dogs anesthetized with sodium barbital were used. The 
chest was opened, and artificial respiration instituted. The heart was 
fixed in place by stay sutures fastened to the pericardium. In most experi- 
ments the pericardium was opened. The distant recording electrodes 
were inserted subcutaneously in the two forelimbs and the left hindlimb 
when standard electrocardiograms were obtained. These electrodes con- 
sisted of German silver plates covered with gauze soaked in saline. The 
electrodes used in recording directly from two points on the heart whether 
from two injured regions, from two uninjured regions, or from one of each 
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were similar to those previously described, as was also the manner of pro- 

ducing injury (Jochim, Katz and Mayne). The technique used in ob- 
taining records with one electrode on the heart and another at a distance 
from it was also similar to that described in the aforementioned communi- 
cation. 

The following good conductors were introduced in various experiments: 

a. Gauze pads soaked in isotonic saline and about 1 cm. in diameter 
and several millimeters in thickness were placed on the ventricles when a 
pair of distant recording electrodes was used; and around a recording 
electrode on the heart when a pair of direct recording electrodes or a com- 
bination of direct and distant recording electrodes was used. 

b. Warm isotonic saline was placed in the opened thoracic cavity in 
quantities sufficient to submerge the heart when a pair of distant record- 
ing electrodes was used. 

c. A lead plate was interposed between the heart and the posterior 
paravertebral muscle mass when a pair of distant recording electrodes was 
used. 

d. A metal oncometer made of tin foil or of lead was placed around the 
ventricles and in contact with the heart and posterior paravertebral muscle 
mass when a pair of distant recording electrodes was used. In most ex- 
periments this oncometer was used when the chest was filled with saline. 

e. Mercury, 10 to 30 cc., was introduced into the pericardial sac by 
means of a pericardial fistula as described by Katz and Gauchat. 

DiIscUSSION OF RESULTS. The application of a gauze pad around a 
recording electrode located on an uninjured area of the heart led to a 
diminution in the amplitude of all the electrical deflections. This was 
true whether the second recording electrode was on another uninjured 
area of the heart (ef. fig. 1) or at a distant point away from the heart. 
This effect was due, in part at least, to the gauze pad offering a better 
by-pass for the currents generated by the heart than existed before, so 
that less current passed through the galvanometer circuit. The minor 
changes in contour, caused by the application of a gauze pad on the ven- 
tricles when distant recording electrodes were employed, are ascribed to 
this action also. However, the effect shown in experiments such as that 
illustrated in figure 1 may be caused in part by the increase in the area of 
the heart from which electric currents are picked up. Since events in a 
larger area are apt to be more out of phase than in a smaller one, the 
electrical currents will tend to neutralize each other more by way of the 
shunt in a large contact electrode than in a smaller one. 

The importance of this latter action is brought out when the gauze pad 
is placed around a recording electrode on a small injured area, the other 
recording electrode being either on an uninjured region of the heart or at 
a distance from the heart. The larger contact electrode produced in this 
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Way brings in the currents of the less injured and of the hinjured regions 


surrounding the injured area Because the former two areas 


extent than the injured one, they come to dominate the recor 


curve and so change the configuration of tl 


recorad ro! tie 


hig. 1. Kleetrograms obtained from recording electrodes placed direct nt 
uninjured regions of the heart. Segments A and © taken without and segment B 
with a gauze pad soaked in isotonic saline placed around one of the recording ele 
trodes. Discussed in text 


Fig. 2. Eleetrogram obtained from two recording electrodes, one placed direct 


on an injured region of heart and connected to the right arm terminal of the elects 
eardiograph, the other at a distance from the heart (diaphragm) and connected tf 
the left arm terminal. Segments A and C taken without and segment B with a gauze 
pad soaked in isotonic saline placed around the electrode on the heart Discussed 
in text 


Fig. 3. Electrograms obtained from two recording electrodes, one placed directly 
on an injured region of heart and connected to the left arm terminal of the electro 
cardiograph, the other at a distance from the heart diaphragm ind connected to the 
right arm terminal. Segments A and D taken without and segments Band © with a 
gauze pad souked in isotonic saline placed around the electrode on the heart I hie 
gauze pad used when segment C was recorded was twice as thick as that used whet 
segment Bo was recorded Discussed in text 

Fig. 4. Eleetrocardiograms standard three limb leads) showing the effeet of put 
ting isotonic saline in the chest cavity and the effect of surrounding the heart with a 
metal oncometer on the magnitude and contour of the curves. Segments A and I 
are controls. Segments B and D taken after the open chest was filled with war 
isotonic saline Segment C taken after a metal oncometer had been pl wed around 
the heart, in contact with it and the posterior paravertebral muscle mass. Discussed 
in text 


monophasic type to a more nearly diphasic form as is illustrated in figures 
2 and 3.) The alteration in contour produced by this simple procedure 
resembles the alterations observed in serial records taken during the dis- 


appearance of injury currents from the heart (orev and Katz Thus, 


A BC |. 
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in figure 2, and especially in figure 3, a final deflection, opposite in direction 
to the deviation of the mid-portion of the curve, appears or becomes larger, 
while the deviation of the mid-portion diminishes. The initial oscillations 
also decrease in size. In most instances the diminution of the initial 
oscillations was quite marked as in figure 2. In only two instances, of 


which figure 3 is one example, did the initial oscillations remain practically 


unchanged. In both of these the second electrode was at a distance from 
the heart. Apparently, in these instances, the shunting was better for 
the injury currents than for the ordinary action currents. 

The introduction of warm saline in the chest in most instances also 
caused a decrease in the amplitude of the deflections in the standard three 
leads, cf. figure 4 or 5.) This diminution is also the result of shunting of 


Fig. 5. Eleetrocardiograms (standard three limb leads) showing the effect of 
putting isotonic saline in the chest cavity and the effeet of surrounding the heart 
with a metal oncometer on the magnitude and contour of the curves. Segments A 
and G are controls. Segments B, D, and F taken after open chest was filled with 
warm isotonic saline. Segments C and EF taken after metal oncometer had been 
placed around the heart, in contact with it and the posterior paravertebral muscle 
mass. Discussed in text 


the heart currents by paths other than that through the galvanometer. 
Sometimes, when saline was first introduced, presumably because its 
temperature was below that of the heart, temporary alterations in the 
electrocardiograms were seen which tended to mask the diminution of the 
amplitude of the waves (cf. segments A and B of fig. 5). In later records 
this tended to disappear as the saline became warmer, (cf. segments B, D 
and F of fig. 5). In addition to these temporary changes, permanent alter- 
ations in the contour of the T wave and in the relative height of the QRS 
complex in the three leads were seen. These are doubtlessly due to alter- 
ations in the electrical field which follow the increase in area of the heart 
from which currents are carried away by the saline bath and the modifica- 
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tion of the paths by which the electric current- 
spread through the body 

The factors outlined above as operating in the saline bs 
also operate in the experiments where metal plates and metal 
were introduced. In the latter experiments the shunting effect 
the dominant role, however, because of the great disparity in the 


tivity of the metal and body tissues. This led to a great dimin 


the amplitude of the deflections in practically all experiments follow) 
the introduction of the metal oncometer or plate, viz., figures 4 and 5 
Changes in contour were also present, the cause of which is probably the 
same as given above to explain similar changes following the introductior 
of saline in the chest. 

It is noteworthy to emphasize that an identical type of results can be ob- 
tained by introducing around the ventricles or between the ventricles and 
the posterior paravertebral muscle mass either an electrical insulator or 


i 


A 


Fig. 6. Reeords obtained from standard three limb leads in a dog dead a week 
showing the effect of dabbing a mercury filled lung on the posterior wall of the ope: 
chest. Rate of dabbing in segment A, about SO per minute; in segment B, about 
300 per minute. Discussed in text 


a metal conductor which is greatly superior to the body tissues as an 
electrical conductor. (Compare the above results with those reported by 
Katz and Korey.) In the former case the currents generated by the heart 
are more or less confined to the region between the heart and the insulator; 
in the latter, the currents are more or less prevented from passing the metal 
conductor which shunts them back to the heart. 

Mercury in the pericardial sac led in our experiments to the same bizarre 
artifacts which have been previously reported from this laboratory when 
mercury was lodged in the heart cavity and in the lung vessels (Buchbinder 
and Katz). We found that these evelic changes could be reproduced both 
in the living and dead dog by dabbing a piece of lung filled with mereury 
up and down on the posterior wall of the open chest. In figure 6, for 
example, is shown the effect on the standard three leads of dabbing the 
mercury-filled lung on the posterior paravertebral muscle mass at the spot 
where the heart had been located, in a dog dead one week. ‘The deflections 
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were produced every time the sac came in contact with the muscle mass 
This phenomenon is due to electrostatic charges set up by the agitation ot 
the mercury in the lung (frictional electricity) which are discharged through 
the body of the dog when the lung sae comes in contact with it. Whileshunt- 
ing may play a part mn the causation of the electrocardiographic distortions 
with mereury in the living animal, it would seem that the creation ot 
electrostatic charges by friction Is much more portant This raises the 
question as to whether or not frictional electricity plays any role in causing 
the electrocardiographic deflections in the normal animal or man 


SUMMARY AND CONCLUSIONS 


1. The introduetion of good electrical conductors adjacent to the heart 
causes alterations in the electrical records obtained from direet, from. cis 
taunt, or a combination of direct and distant electrodes. 


2. Evidence is given to suggest that the conductors introduced operate 


by a, offering a by-pass for the currents generated by the heart, thereby 


decreasing the amount of current passing through the galvanometer cir- 
cuit; b, altering the path taken by the currents from the heart to distant 
points; ¢, altering the relative contribution of the various regions of the 
heart to the recorded electrical curves, and d, creating electrical stresses, 
the result of frictional electricity between dissimilar conductors. 

3. The relative importance of these actions depends on a, the manner 
ot recording the electrical curves; b, the presence or absence of regions of 
injury in the heart, and ¢, the nature and location of the electrical conduc- 
tor introduced. 

t. These observations reémphasize and define, in part at least, the im- 
portance of the electrical properties of tissues adjacent to the heart in 
determining the electrical field set up hy it 
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The thoroughness with which the nutrition of the rat has been studied, 
the availability of the animals, and the low upkeep charges make this 
animal peculiarly suited for physiological observations. The following 
method was evolved which permits the study of renal function during 
metabolic observation of this animal. 

Metabolism cage. The ordinary metabolism cages for collecting urine 
of small animals were found to interfere with certain tests because reac- 
tions occurred between urine constituents and the iron funnel. To obviate 
this difficulty and to secure specimens suitable for microscopic examina- 
tion, a collection funnel in the shape of a very broad and shallow cone 
was made of aluminum 1 mm. in thickness. This funnel fitted snugly 
into the standard battery jar (see fig. 1). A hole about 1 cm. in diameter 
in the center of the sheet provided an outlet for the urine. To prevent 
fecal contamination of the urine a single layer of cheese cloth was placed 
across the outlet of the funnel, and attached to the under surface of the 
aluminum cone by painting the edges with melted paraffin. The alumi- 
num cone was supported by three wooden pegs about two inches high; 
over the cone was placed a platform of 10 mm. galvanized iron mesh to 
support the rat and to allow unobstructed pathways for drainage of the 
urine. Beneath the outlet of the collection cone a 15 ce. wide mouth 
bottle was placed, and stuck firmly to the bottom of the jar with plasticine. 

The drinking apparatus consisted of a centrifuge tube corked with a 
1-hole rubber stopper through which was led a glass tube of 6 mm. external 
diameter. The lower end, from which the rat drank was contracted to an 
inner diameter of 4mm. to prevent dripping. A wire spiral placed in the 
tube from the lower end to the reservoir prevented stoppage of flow by 
air bubbles. During clearance periods a graduated centrifuge tube was 
used to facilitate measurement of the intake. 

CONDITIONS FOR UREA CLEARANCES. 1. Diet during clearance test. It 
was found desirable to train the rats for this type of study. When young, 
about 40 grams in weight, they were put through the routine of urine 
collection, and trained to take fluids from a glass tube for several weeks 
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before any tests were attempted. It may be mentioned that rats fed 
and trained in this manner usually spilled little or none of the milk; thus 
the urine collected was suitable for microscopic examination for red blood 
cells, casts, and also for chemical analysis. 

It was impractical to feed the animals with their usual solid rations 
during clearance periods because of food contamination of the urine 
When only water was given during this period, the volume of urine voided 
was small; and this increased the inherent error. The most satisfactory 
results were obtained when a total of 32 cc. of milk was given in four 
equal feedings during the 30 hours of the combined two clearance periods. 
Most rats took the 32 cc. of milk without urging; but to entice the few 


Fig. 1. Urine collection jar and feeding tube, A; drinking tube, B; galvanized 
iron mesh support for animal, C; aluminum collection cone, D; gauze strainer, EF; 
collection bottle set in plasticine, F. 

Fig. 2. Apparatus for bleeding, showing box for holding animal with lamp beneath 
for warming and tube for collecting blood samples. A, tapered hole for animal’s 
tail; B, oxalated tube for blood; C, cotton; D, supporting glass tube set in plasti- 
cine, E; F, suction bottle; G, trap. 


who had no such avid appetite for milk, 1 ec. of cod liver oil was added. 
This usually induced consumption of the 32 ce. A few animals refused to 
take this amount of fluid; and the results obtained with them were difficult 


of interpretation; hence it seems best to use only animals receptive to 
training. Despite the apparent large volume of food intake, some rats 
‘an consume even more. For example, animals weighing only 50 grams, 
have taken as much as 40 ec. in the 30-hour period when it was offered. 
Such large intakes were occasionally followed by diarrhea in young animals. 


2. Urine collection and time of periods. During the six hours before the 
clearance was begun, the animals were fed 6 cc. of the milk mixture. At 
the end of this time the bladder was compressed to insure emptying and 


| 
} 
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to minimize errors from residual urine at the beginning of the clearance. 
Under these conditions any urine in the bladder at the beginning of the 
test period was of approximately the same urea concentration as that ex- 
creted during the test. This prevented elevation of first period clearance 
by contamination of clearance specimens with highly concentrated pre- 
clearance urine. The urea clearances were done over two periods of time 
totalling about thirty hours. The animals were usually placed on the 
urine collection apparatus about 5 p.m. ‘The first period ended about 
10 a.m. the following morning, when the bladder was completely emptied 
by compression and the urine was taken from the collection bottle for 
measurement of volume and analysis. Immediately thereafter the rat 
was weighed and bled; then returned to the collection jar for the second 
period, which usually terminated about 10 p.m., when the bladder was 
again compressed to insure emptying. Shorter periods may be used if 
the animal is voiding freely. The urine volumes were measured by draw- 
ing the urine from the collection bottle into graduated pipettes. 

3. Blood collection. In our hands venepuncture was not a reliable means 
of obtaining repeatedly the requisite amounts of blood. Simple clipping 
of the tail was likewise unsatisfactory; for unless the tail was clipped so 
close to the body as to render it unfit for repeated bleedings, the blood 
flowed so slowly that clotting occurred. These difficulties were obviated 
by applying moderate suction to the rat’s tail, with only the tip removed. 

The animal was placed in a small wooden box screened at one end with 
wire mesh and closed at the other with a sliding door, which was notched 
to permit passage of the tail (see fig. 2). The tail was immobilized and 
at the same time a tourniquet action was effected by applying a strip of 
adhesive tape as follows. The mid-portion of an adhesive strip, 6 
100 mm. in area, was placed over the root of the tail where it projected 
through the door. The right end of the strip was pulled down, crossed 
under the tail and attached to the left side of the box. The opposite 
maneuver was effected with the left end of the strip after it had been pulled 
snugly about the tail. The box with the rat was placed on a ring stand, 
and warmed with a 100 watt lamp placed below it. 

For the first bleeding, approximately 3 mm. of tail was removed with a 
sharp scalpel or razor. The cut end of the tail was inserted into a wide- 
mouth suction bottle (see fig. 2), having a capacity of about 100 cc. and a 
height of 1l em. This was fitted with a 2-hole rubber stopper, with one 
hole tapered to fit the tail. When the tail was inserted into the hole, 
vaselin was applied with a syringe about the tail where it entered the cork, 
so that an air-tight fit of the tail was obtained. Through the other hole 
in the stopper was led a 6 mm. glass tube which was attached to a vacuum 
system. The tail was passed through the stopper into a small glass tube 
1 X 6.5 mm. which had previously been coated inside with potassium 
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oxalate. This tube was kept in position by inserting it into a larger tube 
of about 2.5 X 9.5 em. dimensions, which fitted the suction bottle as 
shown in figure 2. The larger tube was immobilized by fixing it to the 
floor of the suction bottle with plasticine or sealing wax. Cotton was 
placed in this tube to provide a soft receptable for the oxalate tube and 
thereby prevent breakage. Because the amount of vacuum obtained by 
mouth suction was insufficient for bleeding purposes, a suction pump was 
used. The tail was sometimes sucked into the cork with such force as to 
cut off arterial circulation. Whenever this happened the tail was partially 
withdrawn from the stopper to allow reéstablishment of the circulation. 
During collection of blood the suction chamber was gently agitated to 
inhibit formation of minute clots. At the termination of bleeding, hemor- 
rhage was stopped by the application of collodion. Healing resulted in a 
somewhat bulbous tip, of such vascularity that on subsequent bleedings it 
was necessary to remove only about 1 mm. To recapitulate: Successful 
bleedings depend upon three factors: 1, tourniquet effect; 2, peripheral 
dilatation by warming, and 3, suction, each of which was indispensable. 
When the procedure was followed, as described, 2 to 3 ec. of blood could 
be easily obtained. 

The oxalated tubes were prepared by distributing 0.1 cc. of neutral 20 
per cent potassium oxalate solution in a film about the wall of each tube. 


The tubes were then placed in a desiccator with calcium chloride as dry- 
ing agent. The desiccator was kept evacuated until all traces of moisture 
had disappeared from the tubes, about four hours. The thin layer of 
crystalline oxalate in the tube dissolved instantly on contact with blood, 
and prevented clotting while the blood was running down the side of the 
tube. 


Urea determinations. The blood urea was determined by the micro 
hypobromite method described by Farr (1935), which allows duplicate 
analyses to be done on 0.2 to 0.25 ec. of whole oxalated blood. Urine urea 
was determined by the hypobromite method of Van Slyke (1929, 1933). 
Urease urine determinations as described by Van Slyke (1927) may be 
used, but, as pointed out by Van Slyke, Page, Hiller, and Kirk (1935), 
the combined excretion of ammonia and urea N, obtained by the hypo- 
bromite method, gives somewhat more consistent clearance values than 
the excretion of urea alone, which is obtained by the urease method. 

Error in collection and analysis of urine. Recovery trials in which a 
known volume of water has been poured into the cage indicate a maximum 
loss of 0.4 ce. and a minimum loss of 0.2 ce. The largest volume of urine 
that the rat probably could retain in the bladder without detection may 
be estimated at 0.5 cc. Hence the maximum error in volume measurement 
may be expected to approximate 1 cc. The usual error will of course be 
considerably under this figure but it is evident that maximum urine 
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volumes, preferably 10 cc. or over, are essential in order to limit effects on 
the clearance caused by error in urine volume. 
The error caused by incomplete emptying of the bladder at the begin- 


ning of the first period would be magnified if the retained urine were of 
markedly greater concentration than the urine excreted during the period. 
The preliminary period of fluid administration minimizes the probability 
of such concentrations. Under the feeding régime used any residual urine 
will probably approximate the same urea concentration as the clearance 
urine, and the error introduced is limited chiefly to the volume measure- 
ment. If the preliminary feeding period is not used the error that may be 
introduced is very significant, as under ordinary conditions urea nitrogen 
concentration in rat urine will often run well over 2 per cent Errors in- 
troduced by the factors above discussed can usually be detected by wide 
discrepancies between the clearances for the two periods. When such 
evidence of probable error is seen, it is desirable to repeat the clearance 
test. 

Ca.tcuLaTions. The blood sample for urea determination was taken 
at the end of the first test period, and was assumed to represent an aver- 
age value for the entire test collection period. This allowed the measure- 
ment of two clearances over two successive periods, with one blood urea 
determination. 

The clearances were calculated according to Moller, McIntosh, and 
Van Slyke (1928), as cubic centimeters of blood cleared of urea per square 
meter of surface area per minute. The surface area was calculated ac- 
cording to Meeh’s formula (1879), A = 9.1 “W2, where A is the surface 
area and W the body weight of the rat and 9.1 is the characteristic con- 
stant for rats as calculated by Rubner (1902). 

The formula used for calculating surface area may not be equally exact 
for all weight groups, and thereby an error may be introduced into the 
clearance calculations. This error could, however, hardly be significant, 
in view of the usual width of the clearance range in an individual. 

Resutts. Clearance range of group of normal rats. The results of 59 
clearances on 8 normal rats are summarized in table 1. Complete data on 
one rat are shown in table 2. The distribution of these clearances is 
shown in figure 3, which it will be noted approximates a curve of the usual 
probability type. The mean average clearance was 10.9 ec. per square 
meter of body surface per minute. The standard deviation was + 3.1 ce. 

Data are insufficient to establish whether or not a rat has an augmenta- 
tion limit. 

Six rats in this group were subsequently killed and their kidneys exam- 
ined microscopically; no significant pathological renal changes were de- 
tected. 

Clearance range of an individual rat. These studies indicate that it is 
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difficult to evaluate definitely the usual state of a rat’s renal function from 
a single urea clearance. However, a series of observations permits of a 
definite interpretation. Thus the initial clearance on rat 4 on 5/25 of 


TABLE 1 


Summary of clearances and blood urea determination on 8 normal rats 


| | BLOOD | i} | BLoop 
1} 
| mgm. per | cc./sq.m. mgm. per | cc./sq.m./ 
cent min. cent min 
1 5/17 45 | 108 || 4 5/5 | 298 | 4.6 
5/22 5.5 | 12.5 || 6/7 | 32.8 | 9.7 
5/25 47 | 43.8 || | i os 
6/3 17.0 | 9.2 | 8/21 | 18.1 8.0 
8/6 11.9 9.0 || 9/5 | 180 | 8.0 
8/21 11.3 10.5 10/11 | 160 | 5.9 
9/5 12.8 10.0 || 11/15 15.7 12.5 
10/11 2.0 | || 
11/26 28.0 10.2 | 5 5/26 25.3 6.8 
| 6/7 9. | 10.3 
2 5/17 18.2 14.6 8/7 13.9 | 7.4 
5/22 19.0 12.5 | 8/21 15 | 12.7 
5/25 13.5 | 143 || 9/5 21. 7.2 
6/3 19.7 | 10/11 16 
| 8/6 13.0 10.9 | 11/2 | 223 | 90 
8/21 21.3 | 5.8 
9/5 16.8 | 14.0 6 | 5/26 | 32.3 | 8.7 
10/11 15.8 | 148 | 6/7 5.5 6.4 
11/29 | 17.8 10.3 | | ez | 24 | 87 
| | 8/21 | 21.0 | 12.8 
3 5/17 | 21.4 1.9 || 9/5 18.8 | 12.1 
5/22 47.3 5.6* 10/11 21.0 15.6 
5/25 20.1 9.7 |i | 11/29 21.1 11.6 
6/3 | 7.3 | 17.9 || | | 
6/7 | 8.7 | 150 || 7 | saz} 124 | 147.4 
8/7 13.4 10.1 | | 5/22 | 280 | 9.1 
8/21 | 15.3 14.2 5/25 2.6 | 8.9 
9/5 12.5 14.3 6/3 17.7 13.3 
10/11 14.0 16.6 | | 
11/29 | 22.0 7.8 8 5/17 28.6 13.5 
12/5 16.9 8.0 5/22 24.1 7.5 
12/15 18.0 17.8 || 5/25 20.1 | 10.6 
1/9 | 23.5 11.2 || 6/3 | 18.6 72 
1/21 20.7 11.7 | | 
*Rat was ill. 


4.6 cc./sq. m./min. would indicate an impairment of function, yet the 
mean average for this animal was 8.3 ec./sq. m./min. which is well within 
the normal range. Another example of a value which is misleading when 
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TABLE 2 


Detail of urea clearances and calculation on rat 3 


> a 2 a 
| & | 5 > ae ~ 
a Fs) a = = > 5 5 < 
| | square | 
| meters mgm, mgm. cc. | cc minutes ce ce ce 
5/17 | 60 0/0.0139) 349.0) 21.4 | 22.0) 11.8 | 1,135)0.010416.3 | 0.170 12.1 
| 174.2 | 16.0) 9.1 498|0.0183) 8.15) 0.149) 11.7 | 11.9 
5/22 | 77.0/0.0164| 327.0) 47.3 | 16.7) 9.9 | 1,1120.0089 6.9 | 0.062, 3.7 
820.0 3.5 | 45710.0074|17.4 | 0.129/ 7.9| 5.6* 


5/25 | 78.00.0166, 483.6) 20.1 | 12.3, 9.7 | 1,0810.0090/24.0 | 0.215) 12.9 
181.0 | 10.0) 6.7) 589:0.0120) 9.0 0.108) 65) 9 


6/3 |104 162.0) 7.3 | 13.0) 7.8 | 488|0.0160/22.5 | 0.360! 17.9 | 17.9 


~ 
_ 


10.0211) 140.1) 8.7 | 13.0) 9 


494/0.0196/16.2 | 0.318) 15.0 | 15.0 
8/7 |230 (0.0342) 331.5, 7|0.0165/24.7 | 0.408) 11.9 | 
| | 287.2! 9.9 | 7\0.0131/21.4 | 0.279! 8.2} 10.1 
| } | 


| | | | | 
8/21 249 0.0360] 573.0) 15.3 | 9.9} 9.5 | 1,100/0.0086/37.5 | 0.323) 9.0 


13.4 | 16.0) 16.8 | 1,01 
75 


to 
N 
or) 


| 864.0 | 16.0) 8.4 | 67810.0124/56.5 | 0.699) 19.4 | 14.2 
| 
9/5 |268 0 0378) 475.0) 12.5 | 7.2) 14.9 | 1,088|0.0137/38.0 | 0.523) 13.8 
| | 649.5) 16.0} 5.9 | 543/0.0109/51.9 | 0.562) 14.9 | 14.3 
10/11 |287 963.6] 14.0 | 16.0) 10.7 1,1110 0096/68.9 | 0.664) 16.8 | 
532.0} | 12.4) 8.2 | | 0.648) 16.4 | 16.6 
| | | | } | | 
| 
11/29 |328 980.0) 22.0 | 16.8) 8.8 | 1,0400.0085/44.5 | 0.376) 8.7 
| 900.0) | 8.0) 5.0 | | 0.299) 6.9) 7.8 
12/5 |330 (0.0435) 619.0) 16.9 | 19.0) 12.6 | 1,0940.0115/36.7 | 0.422) 9.8 
| | | 756.0) | 13.0) 4.6 |  662/0.0070)45.2 | 0.315, 7.3) 8.0 
| | | 
12/15 |331 0.0435] 621.3) 18.0 | 10.0 9.7 | 313(0.0310/34.5 | 1.068) 24.5 
| 549.6) | 10.0) 11.3 720/0.0157/30.5 | 0.480) 11.0 | 17.8 


710.6} 23.5 | 26.0) 18.2 | 1,080/0.0167|30.4 


913.0 12.0) 8.1 64010 | 0.492) 11.0 | 11.2 
| 
1/21 |347 |0.0449) 867.0) 20.7 | 25.0) 15.3 | 1,090/0.0140'41.8 0.599) 13.4 
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isolated is the clearance of 5.8 cce./sq. m./min. on 8/21 on rat 2. This 
animal consistently showed a clearance close to the mean average of 10.9 
ec./sq. m./min. In general, three clearance determinations gave a fairly 
accurate picture of the renal function. Very few animals showed a clear- 
ance range as great as that shown by the entire group, and most rats seemed 
to approximate a characteristic individual mean, which might be consider- 
ably above or below the mean of the group. Exceptional clearance values, 
markedly outside the usual range, occur occasionally from the influence of 
factors at present unknown. Such a clearance is that one on 5/25 on rat 
1 which was 43.8 ec./sq. m./min. Other rats studied but not included in 
this series have infrequently shown clearances of this magnitude. These 
exceedingly high values are not characteristic and are not used in esti- 
mating the animal’s range. Whether such clearances actually occur, or 
were due to unnoted errors, is uncertain. They became more rare as 
our experience increased. 


€ 


Fig. 3. The distribution of 59 urea clearances on 8 normal rats. The figures 
within the squares identify the animal. The abscissae represent urea clearance in 
cubic centimeters per square meter of body surface per minute. Mean, 10.9 cc. 
standard deviation +3.1 ce. 


Temporary clearance depressions not associated with renal damage. In 
rats (as one of the authors (L. E. F.) has also noticed in human infants) 
any illness associated with prostration may be accompanied by a temporary 
fall in renal function. Such a temporary depression of renal function, 
with resultant azotemia, due primarily to extra-renal cause, is illustrated by 
the clearance on rat 3 on 5/22 when the animal had diarrhea. This ap- 
parent lowering of renal function was not due to destruction of nephrons, 
as subsequent clearances were all normal. It is likely that such lowerings 
of clearance are due to a decrease in renal blood flow. Van Slyke, Rhoads, 
Hiller and Alving (1934a, 1934b) have shown that renal blood flow in dogs 
parallels simultaneous variations in clearance, whether the latter were 
spontaneous or were induced by variations in protein intake. 


SUMMARY 


1. A method is described for determining urea clearances of rats. 

2. Urea clearances on normal rats, on a milk diet, determined in the 
manner described, showed a mean average of 10.9 ec. per square meter of 
body surface per minute. The standard deviation was + 3.1 ce. 
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The automatic rhythmicity of the pacemaker of the vertebrate heart 
has rightly been the subject of many investigations. Most, if not all of 
these investigations have involved the use of records obtained after con- 
duction from the pacemaker to some more or less remote point from which 
electrical or mechanical records were obtained. The recent papers of 
Eccles and Hoff (1934) report an extensive study based on the method of 
premature stimulation of the pacemaker in the cat heart under methods 
of control which presumably reduced complications in interpreting experi- 
mental results due to variations in conduction times. The importance of 
the conclusions reached by Eccles and Hoff in these papers and the applica- 
tion of their conclusions to the interpretation of factors involved in the 
rhythmic activities of the heart and its pacemaker seemed to warrant an 
attempt to repeat their experiments on the turtle heart. 

The turtle heart offers an excellent preparation on which to perform 
such experiments as the sinus region of the heart is easily accessible, the 
rate of the heart is sufficiently slow so that stimulation may be satisfac- 
torily accomplished by a hand key, and the structure of the heart is such 
that effective stimuli may be applied to the pacemaker in the sinus, to a 
large part of the sinus without effect on the pacemaker, to the atrium, 
to the ventricle, or to any desired combination of these. The experiments 
reported below deal only with the effects 1, of stimulation by an electrode 
placed on the sinus as close to the pacemaker as possible and resulting in 
pacemaker stimulation and, 2, of stimulation by an electrode so placed 
that it might stimulate either pacemaker or atrium or both according to 
the responsiveness of the parts considered at the moment of stimulation. 

Metuops. For all the experiments considered here, electrographic 
records were made from the atropinised heart of the turtle (P. elegans). 
In preparing for an experiment, the brain of the turtle was pithed and 
the plastron and front legs were removed. A small opening was made in 
the pericardium and two or three drops of atropin sulphate, 0.1 per cent, 
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Fig. 1. A. Diagram of the turtle sinus preparation. 

B. Diagram of the sinus-atrium preparation. 

C. Record made from the sinus-atrium preparation. For purposes of reproduc- 
tion this record was traced in ink. The record is the one from which measurements 
for observation number 6, indicated by the short horizontal line, of figure 1-E were 
made. 

D. Redrawn record as obtained from the sinus preparation. 

E. Plot of data as measured on a single typical strip of record from the sinus- 
atrium preparation. 

F. Plot of data from a typical strip of record from the sinus preparation. 

G. Diagram summarising the types of response obtained in the experiments de- 
scribed. Responses of sinus and of atrium indicated as short vertical lines, respec- 
tively, above and below the horizontal lines. Time of stimulation and region of the 
heart prematurely stimulated by the shock indicated by the arrow heads. For the 
top line, it is assumed that the stimulus produced a direct effect upon the pace- 
maker only. For the middle line, it is assumed that pacemaker and atrium are 
stimulated simultaneously. For the bottom line, only the atrium is assumed to be 
stimulated. 
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were injected into the pericardial sac. A few minutes later, the pericar- 
dium was opened widely and the ventricle was cut away. 

For the experiments first to be described below, the atria were also cut 
away leaving only the sinus region of the heart zn situ. The preparation 
was thus reduced to one which is diagrammed in figure 1-A. The as- 
sumed position of the pacemaker for the preparation from which the data 
for figure 1-F were obtained is indicated by the position of the cross in 
figure 1-A. We refer to the assumed position of the pacemaker because 
from many attempts to record electrograms from the turtle heart with one 
lead-off electrode at the site of the pacemaker, there have resulted only a 
few which seemed to indicate that this localisation may have been satis- 
factorily accomplished. We believe that we can usually place an electrode 
within two or three millimeters of the pacemaker. It is probable that we 
frequently achieve a better localisation than this, but throughout this 
paper it is to be understood that in no case are we certain of the exact 
location of the pacemaker. 

The pacemaker location indicated by the cross of figure 1-A is slightly 
more lateral than usual. In occasional instances the pacemaker is found 
medially at the posterior (lower) border of the sinus. This is not the nor- 
mal position of the pacemaker and in occasional preparations the pace- 
maker can be seen to shift from the normal right antero-lateral position 
to the median position under the effect of continued moderate stimulation 
of the right vagus nerve. 

For the purposes of this paper, experiments were performed on the 
turtle sinus preparation in the following manner. All electrodes except 
the indifferent lead electrode to the amplifier grid were of soft silver wire, 
18 gauge, with the tip fused to form a small ball. These electrodes were 
firmly held in an adjustable clamp and were placed so that they touched 
very lightly against the sinus tissue. The negative electrode for the 
stimulating condenser discharge (0.25 mfd. through 10,000 ohms series 
resistance) was placed over the pacemaker. One or two millimeters an- 
terior to this was placed the lead-off electrode to the grounded side of a 
battery coupled amplifier activating a General Electric supersensitive 
oscillograph galvanometer. One or two millimeters from the ground 
electrode was placed the electrode from the positive side of the stimulating 
condenser. A small artery clip serving as an indifferent lead to the ampli- 
fier grid was attached near the middle of the pericardial chamber. The 
system as used gave a recorded sensitivity of 13 to 20 mm. per mv. By 
keeping excess fluid from accumulating over the sinus we obtained a re- 
corded potential with each sinus beat of about a quarter of a millivolt. 

The anode of the stimulator was then moved about until the galvanom- 
eter showed a minimum of shock escape. An approximate threshold 
for stimulation was determined and double this voltage was usually taken 
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as the stimulus strength maintained throughout the ensuing half-hour or 
hour during which records were being obtained. Experiments performed 
with shock strengths nearer threshold showed no significant difference in 
results obtained except for the expected failure to obtain effective stimula- 
tion as prematurely as was possible with the stronger shock nm some 
eases the slight irregularity of time of response of the next normal pace- 
maker response following stimulation was less conspicuous with the less 
strong shocks. As the beat interval for the spontaneous rhythm was 
usually about 1.5 second, it was possible to place stimuli with a sufficient 
degree of accuracy by depression of a tap key. 

Records were taken on bromide paper moving at a speed of 17.5 mm 
per second. Since we were interested in pacemaker responses, that is, in 
the first response recorded from the sinus region, measurements were taken 
from the first downward movement on the records. These times are indi- 
cated by the short vertical lines on figure 1-D. Shock times are plotted 
as of the first moment of appearance of the shock escape as on the record 
of figure 1-D. 

The second series of records to be reported were performed on turtles 
with both sinus and atrium in situ, but with the ventricle removed. Elec- 
trograms were recorded with the grid electrode clipped to the posterior 
margin of the right atrium. The ground electrode was placed near the 
middle of the ventral surface of the right atrium. The recording system 
was adjusted to give an excursion of about 1.5 mm. per mv. ‘The anodal 
electrode from the stimulator was placed near the pacemaker, not touch- 
ing the atrium. The cathodal electrode was placed in contact with the 
pacemaker but at such an angle that the wire also touched and would 
stimulate the right atrium if the shock was applied during the responsive 
period of the atrium. For these records (see fig. 1-C) measurements were 
made at the instant of rising activity under the ground lead, i.e., at the 
moment of beginning rise of the recorded spike. The shock time was 
again measured as from the first sign of the escape record. 

Resutts. The results of experiments performed on the sinus prepara- 
tion are illustrated by use of figure 1-F, which shows the time relationships 
of the responses obtained on one typical strip of record. The various re- 
sponses have been so arranged as to bring them into a convenient order. 
The redrawn record of figure 1-D indicates the type of record used. For 
figure 1-I’, times are indicated, using as units the length of the cycle (or 
mean of two cycles) preceding the last normal response before application 
of a stimulus. For each observation, the last normal sinus response is 
placed in time as a dot on the vertical zero line. Moving horizontally to 
the right from any zero dot, the moment of stimulation is indicated by 
the short vertical line. As the record of the resulting sinus response was 
in most cases lost in the recorded shock escape, no attempt is made to 
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plot the immediate sinus response to the shock although direct observation 
of the sinus revealed clearly that such responses occurred. Proceeding 
farther to the right, the dots indicate the times of the succeeding norma! 
sinus beats. 

It will be seen that if a stimulus has no effect in displacing the pace- 
maker rhythm, all the dots should lie on the vertical lines, 0, 1, 2, and 3 
The upper two (or three?) plotted responses show no displacement of the 
pacemaker rhythm. The stimulus fell in each of these cases so soon after 
the normal response as to find the pacemaker refractory to the stimulus 
used. All the other stimuli used in this series of experiments were effective 
and the results are all plotted. There is some irregularity in the time 
interval to the normal responses next to follow after the premature re- 
sponse, but in so far as an average result is concerned, one may state that 
there is no significant change from a normal cycle length in the time from 
the stimulus to the next normal response. 

A series of experiments was next performed upon the sinus-atrium 
preparation. A typical record of this series is reproduced, redrawn in ink 
for purposes of reproduction, as figure 1-C. The results measured from a 
single, typical strip of record are presented diagrammatically as figure 1-F. 
The moment of application of the shock is indicated by the short vertical 
lines, the beginning of the local atrial responses by the dots. The last 
normal atrial response before application of a shock is placed on the zero 
vertical line. 

The lowest series of points represents the course of events when the 
shock was applied just after the normal discharge of the pacemaker but 
before conduction to the atrium has resulted in the atrial response. (The 
sino-atrial interval for this turtle was about 0.4 sec. or 0.3 cycle length.) 
There is a premature response of the atrium due to the direct stimulation 
of the atrium by the shock. Since the pacemaker rhythm is not disturbed, 
the next, normal atrial response occurs after a post-extrasystolic compensa- 
tory pause and falls on vertical line 2. The interval from the premature 
atrial response to the following normal response is, of course, longer than 
one normal cycle length by an amount approximately equal to the prema- 
turity in time of the premature response with respect to the expected time 
of the suppressed normal atrial response. A shock applied to the atrium 
less prematurely would have resulted in a correspondingly lesser degree of 
lengthening of the succeeding atrial interval. 

It is supposed that the shock plotted on the lowest line of figure 1-E 
was applied at or about the instant of the discharge of the pacemaker in 
the sinus. As the shock is moved earlier in the cycle, it stimulates both 
pacemaker and atrium. The time interval from the premature atrial 
response to the succeeding normal atrial response does not show any fur- 
ther increase but remains essentially constant, being the time of one 
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normal cycle plus the time for conduction from pacemaker to the atrial 
lead electrode, minus the time for conduction from the stimulated point 
on the atrium to the lead electrode. 

The last described effects continue with continued shortening of the 
interval from the last normal response to the stimulus until one reaches a 
certain critical time, which in this experiment lies at about 0.4 cycle after 
the last normal atrial response. Numbering upward from the bottom, 
responses 17 to 21 inclusive do not show a prompt atrial response due to 
stimulation of the atrium by the shock, although there is a delayed pre- 
mature response of the atrium. This group of responses (17 to 21) is 
interpreted as due to stimuli falling so early as to find the atrium refractory 
following its last normal response. The pacemaker is stimulated and gives 
rise to an impulse which is conducted through the sinus and after a conduc- 
tion delay results in a response of the atrium. The time required for con- 
duction of this premature impulse is much longer than normal. There is 
evidence for believing that practically all of the increased conduction time 
is due to increase in the sino-atrial junctional delay. However, for the 
present argument it is necessary to point out merely that the time of con- 
duction from pacemaker to atrial lead is longer than normal by a very 
significant amount. For the following, normal atrial response, the con- 
duction time from pacemaker to atrium is again about normal. Therefore, 
both the interval from the last normal to premature response and the 
interval from the premature to the following normal response are shorter 
than normal. For the two upper lines of figure i-E, the shock falls so 
early as to find both the atrium and the pacemaker unresponsive and there 
is no premature atrial response and no disturbance of the pacemaker 
rhythm. 

Discussion. ‘The results of the two types of experiment outlined above 
and diagrammed in figure 1-E and 1-F were so easily reproduced as to 
leave no reasonable doubt as to the validity of the interpretation presented 
above. Individual differences in the preparations used were expressed in 
the results obtained. In one turtle, for example, used as a sinus-atrium 
preparation, the clip used as the grid lead was so placed as to exert con- 
siderable pull on the atrium. Because of this, or some other reason, the 
sino-atrial delay was somewhat over 0.7 second instead of the usual 0.3 
to0.4second. The atrial records obtained showed a change from the usual 
result precisely as would have been predicted under such a relationship 
between sinus and atrial response times. When the atria were cut away 
and the electrodes were placed on the sinus, the records obtained yielded 
measurements showing no significant difference from normal. 

For the turtle heart, therefore, the results of our experiments on pre- 
mature stimulation of the pacemaker as recorded from the sinus prepara- 
tion and of atrium and sinus stimulated separately or together and recorded 
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from the atrium seem entirely in accord with expectation if one expects a 
normal pacemaker response to follow a premature response by one normal 
interval. We have diagrammed in figure 1-G the three major types of 
result which we have obtained in these experiments. The numbers below 
the diagram indicate times as expressed in cycle lengths. The temporal 
position of the shock and the part of the heart stimulated is indicated in 
each case by the arrow heads. Pacemaker responses (8) are indicated by 
the short vertical lines above and atrial responses (A) are indicated by 
the short vertical lines below each horizontal line. For the first case 
plotted, along the lowest line, the stimulus falls at such a time as to effect 
a response of the atrium only. There is no displacement of the pace- 
maker rhythm. On the second line, the stimulus is plotted as falling 
somewhat earlier, the stimulating electrode touches (or affects) both pace- 
maker and atrium. ‘There is a prompt premature response of the atrium 
and of the pacemaker. The premature atrial response occurs as plotted. 
The pacemaker rhythm is displaced and the next atrial response occurs at 
one cycle plus one sino-atrial conduction interval later. For the upper- 
most line, the stimulus is considered to fall so early as to find the atrium 
unresponsive. The pacemaker is stimulated. A conducted impulse 
reaches the atrium 0.5 cycle later. In both the upper lines, it is considered 
that when the pacemaker is stimulated prematurely, its next spontaneous 
discharge occurs at a time one normal cycle length later. Our results thus 
show a combination of pacemaker and of atrial effects such as that ob- 
served in the experiments of Cushny and Matthews (1897) with the mam- 
malian heart. The turtle heart offers a more diagrammatic preparation 
because its anatomical relationships and the long sino-atrial delay com- 
bine to allow a clearer recognition of the locality in which there occur the 
primary effects of a given premature stimulus. 

Such conclusions are obviously at variance with those reached by Eccles 
and Hoff from their experiments on the cat heart. However, from our 
experiments and from their published data, we are led directly to the belief 
that what they consider as late premature beats of the pacemaker confuse 
the two types of result diagrammed along the two lower lines of figure 1-G. 
Gn the other hand it seems probable that what they describe as early 
premature beats of the pacemaker involve two other types of response. 
These responses are in part perhaps simple premature responses of the 
pacemaker uncomplicated by an immediate atrial response and of the 
type diagrammed along the uppermost line of figure 1-G. For the other 
part they appear to be simple premature atrial beats with no immediate 
effect upon the pacemaker, and with the premature atrial beat falling so 
early that the next normal atrial beat (the “early subsequent beat” of 
their fig. 1, p. 354) appears exactly one normal cycle interval after the 
last normal atrial beat. This situation may be observed in the turtle 


HEART RHYTHM FOLLOWING PACEMAKER AND ATRIAL STIMULI 365 


heart with a rather strong shock applied through stimulating electrodes so 
placed that they touch the atrium but not the sinus. 

Certain features of our experimental results not considered above 
detail seem worthy of note in passing. It is an annoying fact that the 
pacemaker of the turtle heart is not firmly fixed in its location. It seems 
possible that one reason for the general failure of accurate localisation of 
the pacemaker as we have attempted it in our experiments is due to this 
fact. An attempt to firmly localise a lead-off electrode by pressure, by 
clipping to the sinus, or by stitching into the sinus wall apparently results 
in a migration of the pacemaker to some other point. On the other hand, 
we believe that with the very light contact pressure used in these experi- 
ments, the pacemaker usually remained unchanged in position throughout 
an experiment. In some cases, a sudden change in form of the electrogram 
indicated that this was not so, although usually after a few beats the record 
resumed its original form. 

Perhaps because of the presence of the electrodes over the pacemaker, 
there was usually a slight irregularity of the recorded rhythms. Because 
this irregularity was often more pronounced for one, two, or in a few cases, 
three beats following the application of a shock, it appears that the shock 
introduced a further cause of irregularity. This irregularity of rhythm 
appeared either as a lengthening or as a shortening of the cycle and no 
consistency in the change of direction was found. In several records, 
stimuli which apparently failed to produce an immediate pacemaker re- 
sponse caused marked delay in the appearance of the next normal re- 
sponse, thus causing a displacement of the pacemaker rhythm. In one 
instance, this delay amounted to an increase of about 15 per cent of a cycle 
length. In asmaller number of cases, “ineffective” stimuli have produced 
a significantly shortened cycle. The theoretical implications of such re- 
sults are interesting but as we have been unable to reproduce such results 
at will, we present these apparent results as such, without explanation and 
without defense. 


SUMMARY AND CONCLUSIONS 


1. Using electrograms recorded from the sinus and from the atrium of 
the turtle heart, a study has been made of the effect of premature stimuli 
upon the rhythm of the heart. 

2. If a stimulus is applied to the normal pacemaker in the sinus at such 
a time as to give rise to an immediate response, the next spontaneous re- 
sponse, as recorded from a point on the sinus close to the pacemaker, occurs 
at one normal beat interval after this. Subsequent responses follow at 
normal intervals thereafter. 

3. If a stimulating electrode be placed so as to stimulate either atrium 


or sinus or both, according to the responsiveness of the tissue concerned 
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at the moment of stimulation, and if lead-off electrodes be placed on the 
atrium, and if results be considered in terms of the time of the atrial re- 
sponse, it is found that a slightly premature stimulus results in a slight 
prematurity of atrial response, a slight lengthening of the succeeding cycle 
because of the compensatory pause, but no displacement of the pacemaker 
rhythm. 

With further prematurity of stimulation, the pacemaker and atrium 
are stimulated simultaneously. The succeeding interval (as measured 
from the atrial record) is long but does not show further significant in- 
crease as the stimulus is placed earlier. 

When the moment of stimulation is brought still earlier in the atrial 
cycle, the shock finds the atrium refractory but stimulates the pacemaker 
and causes a corresponding displacement of the rhythm. However, that 
premature sinus response may be conducted to the atrium thus causing 
a premature response of the atrium. Since conduction of this impulse in 
the relatively refractory phases of sinus and atrium occupies a longer time 
than normal and since the conduction of the normal sinus beat to the 
atrium occurs in a normal time, both the cycles preceding and following 
the premature response will be measured as shorter than a normal cycle. 

4. If stimulating electrodes are placed to touch the atrium but not the 
sinus, an early premature atrial beat may be elicited without causing a 


dropping of the next normal atrial beat which appears in its proper time. 
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The present paper sets forth blood lactic acid values obtained from four 
groups of subjects at high altitude: members of our party in Chile, resi- 
dents of ’Quilcha, Chile (altitude 5.34 km.), members of our party at 
Leadville, and residents at Leadville. 

The Chilean party was divided into two groups. The first group, con- 
sisting of six men, was engaged for approximately six weeks setting up a 
mobile laboratory at Chuquicamata at an altitude of 2.81 km. A regular 
program of work on a bicycle ergometer, mountain climbing, and long 
walks was followed during this period. The second party from sea level, 
four men, then joined the first, and observations were immediately begun. 

The concentration of lactic acid was determined both in arterial blood 
drawn in the morning before rising and in blood drawn from the antecubital 
vein after measured performances on the bicycle ergometer. There were 
16 days of observations at an altitude of 2.81 km., 8 days at 3.66 km., 
12 days at 4.70 km., and 3 weeks at 5.34 km. During this last period 
parties of two spent from 1 to 6 days at 6.14 km., the top camp. Lactic 
acid was determined in blood obtained in rest at this altitude, but it was 
not feasible to transport the ergometer for exercise studies. Values in 
rest were obtained on six residents at 5.34 km., five of whom were laborers 
at the sulphur mine, 5.70 km. 

The Leadville party consisted of eight members who spent from one to 
two months at 3.0 km. altitude. Three members spent four days on the 
top of Mt. Elbert, 4.39 km. Resting lactic values only are presented for 


1 From the International High Altitude Expedition to Chile. The Expedition 
was supported by grants from the Fatigue Laboratory and the Milton Fund, 
Duke University; Copenhagen University; King’s College, Cambridge University; 
Columbia University; the National Research Council, the Royal Society, London; 
the Corn Industries Research Foundation; the Rask-Mrsted Fund, Copenhagen; 
the Josiah Macy Foundation and the American Association for the Advancement 
of Science. We are also much indebted to the Chile Exploration Company and to 
its officers in New York and in Chile, to Sefiores Hipolito and Juan Carrasco of the 
S. I. A. M. Carrasco, to Messrs. Packard and Bell of the Poderosa Mining Company, 
to the Ferro-Carril de Antofagasta a Bolivia, and to the many people, officials and 
private citizens, who facilitated our work in Chile. 
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the Leadville party. Work values have been previously published (Dill, 
Edwards, Folling, et al., 1931). Resting values were obtained on three 
residents at 3.0 km. altitude. One of them had spent eight months, and 
two, several years at this altitude. Lactic acid was determined on venous 
or arterial blood after one hour of rest. 

Lactic acid was determined by the method of Friedemann, Cotonio and 
Schaffer (1927). That the method holds at high altitude was determined 
by recovery at sea level of lactic acid under an air pressure of 390 mm., 
equivalent to an altitude of about 5.5 km. Values in this paper are in 
milli-equivalents of lactic acid per liter of blood, i.e., mgm. per cent divided 
by 9. 

The lactic acid in rest. Since the observations of Araki (1890, 1891), 
that acid, which he demonstrated to be lactic, appears in the organism in 
conditions of anoxemia, there have been varying reports concerning the 
extent to which lactic acid accumulates in rest during oxygen want. 
Ryffel (1910) detected only a small accumulation in the blood of man 
after breathing 12 per cent oxygen for four hours. Later Laquer (1919), 
in a study of blood lactic acid values in men and dogs found that increases 
of only a few milligrams per cent occur on going to 2.9 km., with no fur- 
ther changes up to 4.56 km. Barcroft (1925) reports that two subjects 
had a threefold increase on Monta Rosa: at sea level their values were 1.3 
and 1.4 m.-eq., at 2.9 km., 1.9 and 2.0 m.-eq., and at 4.50 km., 4.0 and 
4.3 m.-eq. Blood was drawn the morning after arrival. Jervell (1928) 
found no increase in lactic acid until 7.5 per cent oxygen was breathed, 
the equivalent of 6.10 km. altitude. More recently Bock, Dill and Ed- 
wards (1932) found little or no increase in several subjects after breathing 
for one hour a mixture of oxygen equivalent to an altitude of 6.70 km. 
Baicenko and Krestownikoff (1933) found that the lactic acid of two sub- 
jects varied between 2.2 and 3.9 m.-eq. on 7 of 10 days at 4.20 km. Their 
values at Leningrad were 1.0 and 1.6 m.-eq. 

In table 1 are included summaries of the resting lactic acid values of 
the Chilean and the Leadville parties. At the 2.81 km. stop of the Chilean 
party the average, 1.2, suggests a slight rise over the sea-level average, 
0.93. Four men, on the morning after arrival at this altitude from sea 
level, had an average of 1.5, 1.7 being the highest value obtained. After 
five weeks at this altitude, four men averaged 1.5. After nine weeks, four 
men averaged 1.0. Two men, however, after two weeks fell from 1.7 and 
1.5 to 0.7 and 0.7. No unbroken altitude increase of over 1.05 km. fol- 
lowed this initial one of 2.81 km., which may account for this slight in- 
crease not being noted at the upper stations. On the contrary, at the 
upper stations the averages remain at the sea-level value, even at 6.14 
km. Yet at the 2.81 km. station the arterial saturation was diminished 
by only a few per cent, while at the 6.14 km. station arterial saturations 
ranged between 55 and 70 per cent. 
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It is possible that this initial slight rise may be a reflection of acclima- 
tization processes going on, and that it might again be seen if after acclima- 
tization at 2.81 km. one went directly to 6.14 km. 

It is obvious, however, that blood lactic acid in resting man is little 
affected by changes ef altitudes compatible with life, and that after a 
period of time, sufficient presumably for acclimatization, sea-level values 
are found. This is strikingly illustrated by a comparison of the sea-level 
values in table 1 with those of the Chilean residents at 5.34 km 

The Leadville averages agree closely with the Chilean averages. Even 
better agreement might be expected if the conditions of rest for both 


TABLE 1 


Lactic acid in rest 


| | 
j NUMBER 
| | NUMBER 
r ALTI- OF DE- < MAXI- MINI- AVER- 
STATION 7 OF 
TUDE TERMI- MUM MUM AGE 
SUBJECTS 
NATIONS 


Chilean Expedition, 1935 
(Arterial blood drawn before rising) 


km m.-eq. 


Sea level..... 


0 7 0.8 0.93 
Chuquicamata 2.81 17 10 Lt 0.7 1.20 
Ollagiie. . 3.66 7 7 14 | 0.7 | 1.01 
Montt. as 4.70 1] 10 1.0 0.7 0.87 
’Quilcha. .. 5.34 10 10 ee 0.7 0.97 
’Quilcha residents. .. 5.34 6 6 1.1 0.8 0.92 
Punta de Cerro 6.14 8 5 1:3 0.9 1.02 

Leadville expedition, 1929* 
(Venous and arterial bloods after 1 hour rest) 

Leadville....... : ..| 3.00 | 14 8 1.8 | 08 | 1.23 
Leadville residents. . . 3.00 3 3 1.0 1.10 
Mt. 4.39 3 3 1.0 1.20 


* Previously unpublished data. 


parties had been the same. Because of the time elapsed before the 
laboratory was set up at Leadville, we have no evidence regarding changes 
which may have occurred there during early acclimatization. 

The lactic acid in work. There is little in the literature regarding blood 
lactic acid values in work at high altitudes. Laquer (1922) found in one 
subject that bicycle riding for one hour may produce a slightly higher 
level of lactic acid at 1.56 km. and 2.5 km. than at sea level. Baicenko 
and Krestownikoff (1933) found that immediately after a climb to 5.63 
km. the lactic acid was 15.2 m.-eq. Results of experiments in low-pres- 
sure chambers and breathing low oxygen mixtures will be mentioned later. 


In the present experiments the subjects worked for ten minutes at a 
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constant rate on the bicycle ergometer, and blood samples were drawn at 
the end of exercise from the antecubital vein. Figures 1 and 2 summarize 
the data. The concentration of lactic acid has been plotted against the 
kilogram pressure on the wheel. This manner of presentation has been 
adopted for the reason that metabolic rates in an individual varied little 
for a given output of work regardless of altitude. The metabolic changes 
are discussed by Christensen, Edwards, Forbes and Matthews (in press). 
Points on the figures represent physical performance and, as shown in the 
key, the altitude of each experiment. A curve representing the indi- 
vidual’s lactic acid levels for various grades of work at sea level has been 
drawn for each individual except Matthews, who has not been available 
as a subject. 

Figure 1 presents the performances of four members acclimatized to 
2.81 km. for six weeks before the experiments were commenced. There is 
no evidence of extra lactic acid accumulation for a given grade of work in 
these men even at 5.34 km., except for a few points at 3.66 km. on E. H. C. 
and A. B. K. In all these men there are in many instances smaller in- 
creases in lactic acid for a given grade of work at the higher altitudes than 
had been observed at sea level, especially in the harder grades of work. 
In two cases, E. H. C., 2.81 km. altitude, 3.0 kgm. load, and W. H. F., 
4.70 km. altitude, 2.25 kgm. load, the rise was distinctly less, but this, 
however, may be related to the fact that work could only be continued for 
five minutes. We are not disposed to attach much significance to sub- 
normal rises in lactic acid, but it seems highly significant that for a given 
grade of work anoxemia does not produce a greater than normal increase 
in lactic acid. 

Figure 2 presents the performance of three men who showed distinct 
tendencies to reach higher levels of lactic acid at 2.81 km. than at sea level. 
In the case of H. T. E. the experiment was carried out after 37 days at this 
altitude. Ne further experiments on the ergometer were performed on 
this subject. Those on D. B. D. and J. H. T. were begun the day after 
their arrival from sea level. 

At the higher altitudes these two men no longer reached higher levels 
of lactic acid than at sea level. Even H. T. E., who showed the most 
pronounced excess lactic acid formation, probably approached his sea-level 
curve finally, since at the end of the expedition he had the record number 
of climbs to the top camp, 6.14 km., a climb that every member found 
exhausting. On a previous expedition, Dill, Edwards, Félling et al. (1931) 
this man finally reached his sea-level performance curve after eight weeks 
at 3.00 km. On this previous expedition, D. B. D. and J. H. T. showed 
a lag in approaching their sea-level curves. This lag may be related to 
physical training since all members of the present expedition, H. T. E. 
excepted, were in excellent physical condition. 
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The failure to show higher levels of lactic acid at the higher altitudes 
not only in various intensities of work but also in rest, may be due to the 
fact that no single rise after the initial one of 2.81 km. exceeded 1.05 km., 
or it may mean that once acclimatization has begun at lower altitudes, 


acclimatization to higher altitudes takes place more readily. In any case, 
sea-level lactic acid values are eventually reached at any altitude, at least 
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Fig. 1. Lactic acid levels at various altitudes and grades of work on the ergometer 
These four men spent six weeks at 2.81 km. before the experiments were commenced 
In this and in figure 2 the arrows indicate the maximum load that each subject could 
pull for 10 minutes at the altitude designated by the figures beside the arrows, and 
the line is drawn through observations at sea level. 

Fig. 2. Lactic acid levels at various altitudes and grades of work on the ergometer 
The numbers above the 2.81 km. points represent days since arrival from sea level. 


up to 6.14 km. It is significant that, as in the case of the resting lactic 
acid, the increases over sea-level values occur at the initial station, 2.81 
km., where arterial saturation was diminished only a few per cent, yet 
there were no increases at upper stations where arterial saturations were 
as low as 55 per cent. 

The arrows on the graphs of figures 1 and 2 indicate the maximum load 
that each subject could pull for 10 minutes at the designated altitude. 


Siz H. T. EDWARDS 


lor example, E. H. C., figure 1, could ride with no more than 1.5 kgm. 
load for 10 minutes at 5.34 km. altitude. The lactic acid accumulated 
was the same as at sea level for this grade of work, 1.7 m.-eq. Yet at sea 
level he was capable of riding at the same rate with double the load, ac- 
cumulating 7.1 m.-eq. of lactic acid. In other words, the ability to per- 
form work is lessened progressively with increase in altitude, and also, 
with acclimatization, the ability to accumulate lactic acid is lessened. 


Work experiments of Clark-Kennedy and Owen (1927) performed at sea 


level while breathing mixtures of low oxygen pressure, led to the conclusion 
that “the degree of acidosis is proportional not only to the grade of work 
but inversely to the oxygen tension of the inspired air.”’ The latter part 
of this statement is completely at variance with our observations on fully 


acclimatized subjects. Chamber experiments, unless the subjects are in 
good physical training and have been allowed sufficient time for acclima- 
tization, may be poor substitutes for field studies on men leading an active 
life. 

The inability to produce appreciable amounts of lactic acid at very high 
altitudes after acclimatization is illustrated in an experiment on D. B. D. 
and H. T. E. after 5 and 17 days respectively at 5.34 km. After riding 
mules to 5.70 km. they climbed intermittently for more than an hour, 
stopping frequently because of exhaustion. On arrival at the top camp, 
6.14 km., the lactic acid values were only 1.76 and 1.83 m.-eq. That the 
values on D. B. D. and H. T. E. are probably maximal is suggested by 
the paper of Margaria and Edwards (1934) in which they found that in 
exhausting intermittent exercise of this type the highest attainable lactic 
acid values are soon reached. Further work is then carried on, as postu- 
lated by Margaria, Edwards and Dill (1933) by an alactacid mechanism. 

At 6.14 km. altitude arterial saturations were between 55 and 70 per 
cent. In this range the oxygen dissociation curve is steep. Therefore, 
a large accumulation of lactic acid would result in a large diminution in 
the already low arterial saturation. Accordingly, this inability to in- 
crease lactic acid seems to reflect a protective mechanism. It is difficult 
to correlate these findings with the 15.2 m.-eq. of lactic acid found by 
Baicenko and Krestownikoff (1933) previously mentioned. 

That the protective mechanism is very stable after acclimatization is 
shown by an experiment on E. H. C. The subject after one week at 
5.34 km. breathed throughout the experiment sea-level equivalent of 
oxygen while riding with 3.0 kgm. pressure, a task he had been quite 
capable of carrying on at sea level for 10 minutes. In 2 minutes and 42 
seconds he stopped in an acute state of exhaustion which persisted several 
minutes. Yet the lactic acid level reached was only 1.67 m.-eq., compared 
to 7.1 m.-eq. after working for 10 minutes at this rate at sea level. As 
can be seen from his performance curve, figure 1, the 1.67 m.-eq is almost 
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identical with the lactic acid for half the load when exhaustion was react 
after 10 minutes at this altitude. There was only a slight rise (to 2.01 
m.-eq.) after 53 minutes of recovery. 

This diminished ability to accumulate lactic acid and this failure to 
utilize oxygen reflect marked changes in the organism after acclimatiza- 
tion. Immediately there occurs to one, by way of explanation, the fall 
in alkali reserve. At sea level, however, when the reserve is diminished 
to the level at which E. H. C.’s was at 5.34 km., one can still carry on work 
that reduces the reserve to a much lower value chiefly through the ac- 
cumulation of lactic acid. In the case of E. H. C. there exists a slight 
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Fig. 3. Lactic acid levels after maximum continuous performance on the ergome- 
ter at various altitudes. The points in parentheses represent exhaustion after pro- 
longed intermittent exercise. E. G. B., (©) 4.70 km., collapsed. W. H. F., (V7) 
4.70 km., was near collapse. 


increase in pHs; in the case of the subject at sea level, a decrease. Bearing 
in mind, however, the principles of the system as a physico-chemical unit 
as illustrated by L. J. Henderson (1928) we cannot argue merely from a 
pH viewpoint. 

Figure 3 contains the highest lactic acids attained by each individual 
at the various altitudes. With increase in altitudes there is a decrease to 
remarkably low values at 6.14 km. It is obvious from the figure and the 
explanatory footnote that higher lactic acids can be attained by climbing 
intermittently to exhaustion than by continuous exercise to exhaustion on 
the ergometer. This is illustrated by the two points for W. H. F., 7, (7), 
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at 4.70 km. After each stop while climbing intermittently at high alti- 
tudes a rapid recovery takes place within a few minutes. This recovery 
is hardly suggestive of the recovery following a large accumulation of lac- 
tic acid in the body. Often one stops with the feeling that it is physically 
impossible to take another step. Yet, if the legs were the cause of stop- 
ping, through accumulation of lactic acid, obviously H. T. E., (©) 5.34 
km., figure 3, and D. B. D., ©, and H. T. E., (©), 6.14 km., figure 3, 
would have reached much higher levels of lactic acid, since the legs repre- 
sent such a large portion of the body muscles, and time for the diffusion of 
the lactic acid was ample. A muscle such as the heart or the diaphragm, 
however, could become exhausted from the accumulation of lactie acid 
with little effect on the level of lactic acid in the body as a whole. The 
intense respiratory difficulty experienced in the region of the diaphragm 
during the pauses suggests the involvement of the diaphragmatic muscle. 
It may be that the protective mechanism or the limiting factor in work at 
high altitudes is the circulatory failure to the diaphragm or the heart. 

This leaves unexplained, however, the failure of E. H. C. to utilize the 
added oxygen, and no explanation is offered here. It may be that the 
problem is one of utilization rather than of transportation. If so, we 
become involved in the réle of myoglobin and the complexity of tissue 
chemistry. It is not impossible that we are dealing with an enzyme. 

It is of interest, in view of the findings in this paper, that Weiss and Ellis 
(1935) enumerate several of the classical symptoms of exhaustion at high 
altitudes in cases of cardiac decompensation during work at sea level. 
Only small amounts of lactic acid could be accumulated. Comparing such 
performances with those of normals reaching the same low levels of lactic 
acid, he concludes that ‘‘when disturbances in the lactic acid production 
and peripheral circulation occur, they are the result and not the cause of 
heart failure.” 


CONCLUSION 

Resting lactic acid values determined on blood drawn in the morning 
before rising show an initial slight rise over sea-level values on going to 
high altitudes. Sea-level values are found after acclimatization even at 
6.14 km., where arterial saturations range between 55 and 70 per cent. 

Standard work performances, on first going to high altitudes, produce 
greater rises in blood lactic acid than at sea level. After acclimatization 
lactic acid values similar to those at sea level are found for a given per- 
formance. The ability to perform work is lessened progressively with in- 
crease in altitude, hence also the ability to accumulate lactic acid. Only 
slight increases over rest values of lactic acid are found during work at 
6.14 km. 

The inability to accumulate large amounts of lactic acid at high alti- 
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tudes suggests a protective mechanism preventing an already low arterial 
saturation from becoming markedly lower by shift of the O» dissociation 
curve through acid effect. It may be that the protective mechanism lies 
in an inadequate oxygen supply to essential muscles, e.g., the diaphragm 
or the heart. 
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The immediate effects of histamine in the animal have been studied 
extensively (1). The remote or cumulative effects of histamine adminis- 
tration in large amounts over long periods of time have been studied very 
little. Whether histamine is a poison which will damage the tissues of an 
animal and so cause one or another derangement of physiological processes 
has not yet been learned. The popularity of histamine in clinical and 
laboratory studies makes the data presented in this paper of general 
interest. 

Metuops. A normal young adult non-gravid female dog weighing 10.2 
kgm. was attached to the constant-rate intravenous injection apparatus 
already described (2). A capillary rubber tube (3) was used as the intra- 
venous cannula. After twelve days of preliminary injection of physiologi- 
cal saline solution, during which the animal became accustomed to the 
experiment, the administration of histamine was begun, and was continued 
almost without interruption for 62 days thereafter. 

The rate of fluid injection was 10 ce. per hour. Histamine was added 
to the injection fluid (0.8 per cent NaCl) in the amount required for the 
desired dosages. The histamine used was ““Ergamine Acid Phosphate”’ 
Pfanstiehl and “Histamine—Synthetic’”’—Eastman. All dosages are in 
terms of the free base, namely, histamine itself. 


The dosage of histamine was so regulated as to keep the animal in or 


‘ 


near the ‘“‘sub-retching” state during most of the experiment, in order to 
administer the largest possible amount of the drug. This dosage varied 
between 0.066 and 0.7 mgm. per kilogram of body weight per hour, or 
between 16 and 170 mgm. per 24 hours. The duration of each dosage-level 
is given by the graph in figure 1. 

The animal was allowed the freedom of the cage. Food and water 
were offered daily. From time to time the blood pressure in the femoral 
artery was determined by a direct manometric method (4), and blood 
samples for chemical analysis were taken. The data obtained from these 
studies appear in table 1. 

The injection of fluid was continued for 81 days, but histamine was 
given for only 62 days. The two interruptions in the injection of histamine 
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allowed the dog to regain weight and strength lost because of the poor 
appetite resulting from histamine intoxication. During the course of the 


experiment the dog received 2,322.1 mgm. of histamine (as free base) and 
16,264 cc. of 0.8 per cent sodium chloride solution intravenously 


Eating well 


tan of | 


| 
sling | | 
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1 
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No. of days of Experiment 


Fig. 1 
TABLE 1 
DAY OF | BLOOD PLASMA 
EXPERIMENT | BLOOD NPN | PLASMA CHLORIDES BLOOD PRESSURE PROTEINS 
mgm. per cent mM. per liter grams per 100 ce 
3 38 
37 30 
44 94 
46 18 80.7 
57 17 104.2 64 » 29 
59 74 
71 | 16 100.0 5.27 


Three days after the end of the injection the fresh tissues were examined 
and specimens were taken for histologic study. 

Resutts. Because there were no measurable phenomena in our experi- 
ment by which to gauge the intensity of the effect of the injected histamine, 
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the general condition of the animal was taken to indicate the degree of 
intoxication. Our estimate of the general condition of the animal with 
each dosage-level is presented in the upper curve in figure 1. It is note- 
worthy that the apparent degree of intoxication for a given dosage does not 
remain constant, but seems to decrease as the experiment progresses. 
After many days of histamine intoxication (73rd day of experiment) almost 
ten times the original dosage caused less prostration than the original 
dosage (13th day). 

Thirst and polyuria were prominent symptoms during most of the 
experiment. When they became excessive vomiting usually followed. 
The amount of gastric content lost through vomiting was not large, how- 
ever. The urine was tested daily for albumen, but it never gave a positive 
test. The stools, except on two days, were formed and contained no 
gross blood. 

Although the animal was kept in the ‘“‘sub-retching” state during most 
of the experiment, it lost weight steadily while histamine was being given. 
This weight loss was attributed to anorexia caused by histamine intoxi- 
cation. When the injection of histamine was stopped temporarily (39th 
to 46th and 63rd to 65th days) the appetite and general condition im- 
proved remarkably in a few hours. The dog would then eat large 
amounts of food and regain weight rapidly. Even at the end of the ex- 
periment, when histamine was discontinued for the last time, the animal 
had lost none of its powers of recovery, but seemed, if anything, the 
more capable of regaining its weight and strength. 

The persistently low non-protein nitrogen content of the blood may in 
all probability have been the consequence of low food intake and diuresis. 

The fresh tissues of the animal were normal in every respect. There 
were no hemorrhages nor other signs of blood-vessel damage. The gastro- 
intestinal tract in particular was quite normal. Careful microscopic study 
of all tissues with especial attention to the vascular structures yielded no 
signs of degenerative change. 

CoMMENT. That a normal dog can withstand the effects of chronic 
severe “intoxication” by histamine without harm supports the idea that 
this substance is not a powerful protoplasmic poison. On the contrary, 
all the effects of histamine appear to be completely and easily reversible, 
and in this sense histamine may be considered innocuous (to the dog). 

The apparent acquisition of tolerance indicates the presence of a mechan- 
ism by which histamine is metabolized. Although the ultimate fate of 
intravenously injected histamine is not known, it disappears rapidly from 
the blood stream, according to Dragstedt and Mead (5) and others (1). 
It may in part be rendered inert by direct anti-histamine activity observed 
in dogs’ blood by Yen and Chang (6). 
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SUMMARY 


1. A normal dog was given 2,322.1 mgm. of histamine intravenously 
during 62 days. 

2. After this experiment the dog was still normal. 

3. There was some evidence of the appearance of tolerance to the drug. 
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It is generally agreed that in normal breathing reflexes through the vagi 
limit the depth of inspiration and at the same time maintain in some way 
an accelerator influence on the respiratory rhythm. The first of these 
effects is clearly a reflex from inhibitory afferent fibers, stimulated by 
inflation of the lungs. The second, or accelerator effect, is still a subject 
of controversy. In the classical theory of Hering and Breuer, it is attrib- 
uted to “inspiratory” fibers, stimulated by deflation. Recently Ham- 
mouda and Wilson (1932, 1935a, 1935b) have inferred that augmentor 
fibers are active throughout the respiratory cycle. 

There is much evidence indicating that the vagi do contain fibers which, 
under certain experimental conditions (such as forced deflation of the 
lungs) have a reflex inspiratory or an accelerator effect. It has not been 
conclusively shown, however, that these are active in ordinary breathing. 
Adrian (1933) supports an interpretation suggested by Head (1889). 
According to this view the inhibitory fibers control directly the depth, 
and indirectly the frequency of inspiration. When their influence is re- 
moved, as by vagotomy, each inspiratory discharge from the center runs 
its full course, and a long interval of recovery is required before another 
inspiration is initiated. With the vagi intact each inspiration is cut short 
through the inflation reflex. Because of the incomplete discharge the 
center recovers in a comparatively short time and the rhythm is conse- 
quently more rapid. 

Continuous tetanization of the central vagus, in anesthetized animals, 
ordinarily causes expiratory standstill. But if Head’s hypothesis is cor- 
rect it should be possible, by intermittent stimulation of the same nerve, 
to accelerate the respiration after vagotomy. The stimuli should be so 
timed as to cut short each inspiration at a moderately advanced stage. 
Under such conditions acceleration would be expected through the in- 
direct action of the inhibitory fibers alone; and even more if augmentor 
fibers were simultaneously activated. 
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Several investigators (most recently Gesell and Mover, 1935 
found that with periodically recurring stimulation the respiration 
into the fixed rhythm of the stimulus. In general, however, little effort 
seems to have been made, with artificial stimuli, to imitate the 
periodic activity of the inhibitory fibers. Adrian (1933) found that th 
frequency of impulses (and the number of active fibers) varied wit! 
degree of inflation of the lungs. During inspiration, therefore, the cents 
presumably is subjected to gradually increasing inhibition, from: whict 
ix automatically released as the lungs are deflated. Such a mechani 
would never subject the center to inhibition of much greater intensity 


than is required to stop the inspiration in progress 
tempted the difficult feat of imitating, artificially, this natural gradation 


In our experiments, the vagus was tetanized with shoeks of unifor 


strength and frequency so long as the lungs were inflated bevond a fixe 
point. 
MetuHops. Dogs were used, anesthetized with barbital-sodium 


intravenous dose was usually 0.25 to 0.30 gram per kilo, but when the 
respiration remained irregular it Was sometimes necessary to give more 
Both vagi were sectioned in the low cervical region, and the central stun 
of one was drawn into a moist Chamber consisting of a slab of bakelite 
with a longitudinal groove Just wide enough to accommodate the nervy 
The stimulating electrodes were silver wires lving across the bottom: o1 
the groove. 

Respiration was recorded by means of a brass tube passed transversely 
through the thorax just behind the sternum, with perforations opening 
into the intrapleural space. One end of the tube was closed, the other 

connected to a tambour. The lever of the tambour carried, in addition 
to the writing point, a platinum wire with a free end projecting toward 
a mercury cup below. Through these, the inspiratory down stroke of the 
tambour made contact in the primary cireuit of a Harvard inductorium, 
arranged for tetanizing stimuli. The vagus was thus stimulated until 
expiration broke the contact. It was left at rest except when the lungs 
were inflated beyond a point determined by the level of the mercury cup 
For brevity, we shall simply use the term “intermittent stimulation’ in 
referring to this method. A key placed in parallel with the platinum 
mercury contact permitted continuous tetanization when desired 

Ordinarily the stimulus was first adjusted to a strength just sufficient, 
applied continuously for 5 to 10 seconds, to cause expiratory standstill 
The same stimulus was then used intermittently. 

Resuits. Figure la shows a typical record. Continuous tetanization 
produces the usual expiratory standstill, but intermittent stimulation 
causes an increase in frequency with reduction of amplitude. “Phe latter 
effect is almost invariably obtained, with all strengths of stimulus above 
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5 s@c. 


Time 30 sec. 
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Fig. 1. a, male dog, 20.0 kilos, 6.0 grams barbital-sodium Upper record, arterial 


pressure (carotid); lower 
shown, is inspiratory 
of the central stump of 
10 em 


b, male dog, 9.0 kilos, 


right vagus, mercury ¢ 


secondary coil at l0em., 


. respiration. The down stroke, in this and all other records 
Showing continuous followed by intermittent stimulation 


the left vagus. Primary circuit 6 volts, secondary coil at 


3.6 grams barbital-sodium Intermittent stimulation of 
ontact at constant level Primary circuit, 6 volts. <A, 
Bl atSem. horizontal; C, at 2 em 


¢, female dog, 19 kilos, 11.2 grams barbital-sodium. Intermittent stimulation of 


right vagus, secondary ¢ 


Ato D 


oil at 10 em., 10°, mereury cup progressively lowered from 


| 
| | | 
a 
A © 

A B 


REFLEX EFFECTS ON RESPIRATORY RATE AND AMI > 


threshold. With four of seventeen dogs used, we or 
prolonged inspiration described by Gesell and Move: 
of ten or twelve cycles one or two inspirations (most often the fi 
be of this type, the others abbreviated as usual. In on 
spiratory response was abolished by giving more of the anesthets \\ 
the others this was not tried. 

The acceleration was obtained with every dog, except one, of tl 
It is most constant and uniform, however, when the intermi 
used are relatively weak. With stronger stimuli the rhythn 
irregular, and with further strengthening it is slowed (fig. I} I) 
cases an intermediate position of the secondary coil was found at whi 


wus prod 


neither continuous nor intermittent stimulation of the 
any Visible effect upon the respiration. Tests with the oscillograph =he 

that the stimulating circuit was intact. Stronger and weaker stimuli | 
the usual effects. 

No doubt all of the vagal afferent fibers were brought into activity 
some of the stimuli employed. It might therefore be inferred that or 
the reduction in amplitude was due to the inhibitory fibers, the iner¢ 
of frequency being caused by simultaneous stimulation of the augmentos 
group. This seems to us unlikely, for the following reasons. First, Harn 
mouda and Wilson (1935a) conclude, from the resistance of the augmentot 
fibers to pressure block, that they are of relatively small size If so, they 
should have a high threshold, and it ought to be possible, with sufficient! 
weak stimuli, to obtain the reduction in amplitude without the accelera 
tion. Actually, as stated above, the weakest stimuli capable of inhibiting 
inspiration are most effective in accelerating. Second, the degree of a 
celeration varies with the position of the mereury contact, ie., with the 
stage at which the inspirations are inhibited. The greater the reduction 
in amplitude, the greater the increase in frequency. Such a relationship 
seems to be implicit in Head’s theory; it is difficult to explain if the two 
effects are attributed to different groups of afferent fibers (fig. Le). 

As shown in figure 1, the acceleration is usually immediate, following 
the first inhibited inspiration. For this reason, it can hardly be due to 
chemical stimuli affecting the center as a result of the reduced pulmonary 
ventilation. Acceleration from such a cause would be expected to «i 
velop gradually, with a certain delay, as does the slight rise of arterial 
pressure seen in figure la. 

Tentatively, we suggest the following explanation; that inhibition, a 
just sufficiently intense to cut short inspiration, has a brief effect which 
does not continue far into the expiratory phase. The center is thus 
allowed to recover early following incomplete discharge, as Head believed 


Stronger inhibitory stimuli have a more sustained action on the center, 


and delay the onset of the next inspiration. It is true that expiration 
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automatically breaks the contact, and that this occurs more promptly 
with strong than with weak stimuli (fig. 1b); but the period of tetaniza- 
tion Is never reduced below a minimum set by the reflex time and by the 
inertia of the mechanical system. 

Hammouda and Wilson (1935b) compared the respiratory effects of 
stimulating the vagus and superior laryngeal nerves. Both normally 


caused expiratory standstill. When the nerves were locally cooled at 


A 


Time seconds. 


Time S$ sec. 


Fig. 2. a, Female dog, 7.7 kilos, 2.2 grams barbital-sodium, 30 mgm. morphine 
sulphate soth vagi sectioned. Stimulation of right superior laryngeal, 6 volts in 
primary, secondary coil at 10 em., 45 B, continuous tetanization; A and C, inter 
mittent stimulation, mercury cup lower at C 

b, same animal as in la. Intermittent stimulation of right superior laryngeal 
nerve. Primary circuit 6 volts, secondary coil at Sem. Mercury cup progressively 
lowered from A to D 


points central to the electrodes, the reflex from the superior laryngeal was 
simply lost at about 8°, with no effect at lower temperatures. The inhibi- 
tory effect of the vagus was also lost at the same temperature, but on 
further cooling an accelerator reflex was observed. The conclusion was 
drawn that “augmentation of the rate of breathing cannot under any con- 
ditions be due to the stimulation of fibers carrying inhibitory impulses.”’ 

We cannot see that the evidence offered warrants such a conelusion. 


c 
| 
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REFLEX EFFECTS ON RESPIRATORY RATE AND AMPLITUDE 


So far as the publication shows only continuous tetanization was employed, 


although the authors (1935a) apparently accept the common view that 
the normal activity of the vagal inhibitory fibers is periodic. Even if it 
had been proved that the superior laryngeal could not under any condi- 
tions accelerate breathing, it would not necessarily follow that the inhibi- 
tory fibers of the vagi are incapable of doing so. 

It is true that the two nerves, continuously tetanized, produce similar 
effects, particularly if stimulation is begun during expiration. With in- 
termittent stimulation, however, one striking difference appears. The 
vagus (fig. 1) cuts short inspiration abruptly, and expiration, even though 
it automatically cuts off the stimulus, is complete. Under the same con- 
ditions stimulation of the superior laryngeal causes the animal to expire 
just sufficiently to break the contact, and then inspiration is resumed. 
The lungs are not deflated to the original expiratory level until after one 
or more abortive attempts to complete the interrupted inspiration (fig. 2a). 
In spite of this, the frequency of ‘“‘complete” cycles is augmented in this 
instance, and it has been in several others. More often, however, it is 
reduced, because each inspiration is drawn out into a series of small 
alternating inspiratory and expiratory movements. If these are counted 
as separate cycles, the frequency is greatly accelerated. 

Figure 2b shows the results of intermittent stimulation applied to the 
superior laryngeal nerve at various stages of inspiration. In no case is 
the inspiration promptly terminated. It is more easily inhibited at an 
advanced stage than near the beginning, but there are always efforts to 
complete it. When the stimulus is applied early there may be six or seven 
such movements, ending in a period of tetanus. These effects are obtained 
with a wide range of stimulus strength, in animals with and without 
tracheotomy; and they are not materially changed by deepening the 
anesthesia almost to the point of respiratory failure. 

This feature of the superior laryngeal reflex was quite unexpected, in 
view of the powerful expiratory effect ordinarily attributed to that nerve. 
It is possible to induce expiration if the stimulus is maintained. Clearly, 
however, the inhibitory fibers of the vagus and of the superior laryngeal 


do not affect the central mechanism of respiration in exactly the same 
manner. 


SUMMARY 


1. A stimulating circuit, controlled by changes in an animal’s intra- 
pleural pressure, is described. Contact is made at the desired stage of 
inspiration, and broken at the corresponding stage of expiration. 

2. In dogs, anesthetized with barbital-sodium and with both vag: sec- 
tioned, stimulation of the central stump of one vagus in the manner de- 
scribed causes reduction of the amplitude of inspiration. 


385 


386 CHARLES J. HILLENBRAND AND T. E. BOYD 


3. The rate of breathing is accelerated with the ordinary range of 
stimulus strength. Very strong shocks cause irregular slowing. 

4. The degree of acceleration varies with the stage at which the inspira- 
tions are inhibited. The greater the reduction of amplitude, the greater 
the increase in frequency. These observations seem to indicate that in- 
hibitory fibers may indirectly govern the frequency, in the manner sug- 
gested by Head. 

5. Under these experimental conditions, stimulation of the vagus cuts 
short inspiration promptly and completely, while stimulation of the supe- 
rior laryngeal does not. In the latter case, expiration does not occur until 
after one or more abortive efforts to complete the interrupted inspiration. 
In a number of instances, however, respiration has been accelerated 
through the superior laryngeal nerve. 
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In previous reports from this Laboratory (Rosenblueth, Leese and Lam- 
bert, 1933; Lambert and Rosenblueth, 1935) the electric responses of 
several smooth muscles to single nerve volleys have been described. In 
these communications tentative suggestions of possible functions of the 
different components of the electrograms have been submitted. 

The preceding paper in this series (Rosenblueth and Cannon, 1936) 
describes the behavior of the smooth muscle electrograms after injection of 
several drugs, whose action on the mechanical responses is either known 
or therein studied. The present communication deals with the electro- 
grams of the nictitating membrane and the pilomotors of the cat on repeti- 
tive stimulation of the preganglionic and the postganglionic nerve supply. 
Certain features of the mechanical responses of the nictitating membrane 
are described as a complement to the electric inquiry. Observations on 
the electrical excitability of denervated muscles are also included. 

These data afford a basis for an attempt at interpreting the significance 
of the action potentials of smooth muscle. 

MertruHop. Cats were used, under dial anesthesia (Ciba, 0.7 to 0.8 ce. 
per kgm. intraperitoneally). The mechanical responses of the nictitating 
membrane (n.m.) were recorded isotonically or isometrically on a kymo- 
graph (cf. Rosenblueth, 1932). 

For stimulation, shielded electrodes were applied to the nerves crushed 
or cut centrally. The electrical stimuli in some experiments were induc- 
tion shocks from a balanced inductorium (Bishop, Erlanger and Gasser, 
1926). The frequency of stimulation was varied by means of a rotary 
interrupter or by a mercury key operated by hand. In the experiments 
in which records were obtained by the cathode-ray oscillograph, stimula- 
tion was provided by a thyratron oscillator whose output was amplified 
and then delivered to the primary of a Harvard inductorium. The induc- 
torium was found essential in order to reduce an otherwise excessive elec- 
trical artifact, apparently due to capacity between the thyratron circuit 
and the recording amplifier. The resulting shocks were diphasic, but 
they wholly subsided within the refractory period of the nerves. The 
frequency of the stimulating thyratron was controlled either by a second 
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thyratron circuit or by the rotary interrupter. The use of two independent 
circuits allowed completely independent variation of frequency and of 
intensity of the stimuli. 

When stimulating the preganglionic sympathetic fibers to the n.m. the 
electrodes were applied to the cervical sympathetic nerve at about the 
level of the thyroid cartilage. The superior cervical ganglion was not 
dissected in these instances, to avoid a possible interference with its blood 
supply. For stimulation of the postganglionic fibers to the n.m. the 
branches of the superior cervical ganglion were dissected and the ganglion 
was crushed, to eliminate any possible preganglionic participation. 

For stimulation of the pilomotors (p.m.) the electrodes were placed on 
the abdominal chains at about the level of L4. No special controls were 
made to find out whether the nerve supply to the hairs studied was pre- 
or postganglionic. 

The electrodes used to lead the electric responses to the amplifiers were 
either silver-silver chloride agar-saline wicks or silver-silver chloride 
needles. The wick leads were employed exclusively as grid leads, the 
ground electrode being then a silver-silver chloride needle or plate inserted 
underneath the skin in a suitable “indifferent” region: the external can- 
thus or the frontal region for the n.m., and the inguinal or pubic region for 
the p.m. The grid wicks were merely applied to the surface of the n.m. 
or the shaved skin of the tail. 

When silver-silver chloride needles were used as grid leads, they were 
inserted as follows: into or through the n.m. near either of the inferior 
angles of the marginal cartilage; and intradermally or subcutaneously in 
the tail for the p.m. 

‘ither a Hindle string galvanometer or a cathode-ray oscillograph was 
used for recording. For many of the experiments on the pilomotors, the 
string galvanometer, with no amplifier, proved adequately sensitive. In 
other experiments, the direct-coupled amplifier described by Garceau and 
Forbes (1934) was employed. In the most recent experiments another 
amplifier, constructed by Mr. A. M. Grass, was substituted. The 
cathode-ray oscillograph and associated amplifiers described by Garceau 
and Davis (1934) were used in some of the experiments. An input con- 
denser of 1 » F was connected in series with the grid of the first tube. This 
gave a half-time value of 1 second for the entire recording system. 

Resutts. a. The electric responses of the n.m. The results were quali- 
tatively similar for both preganglionic and postganglionic stimulation of 
the nerve supply. The only quantitative difference worthy of mention 
was a tendency of the first component of the electrograms to sustain its 
magnitude better on repetitive postganglionic stimulation than on pre- 
ganglionic stimulation. This is a minor difference and a single descrip- 
tion will therefore serve for both cases. 

In analyzing the electrograms of the n.m. on repetitive stimulation it is 
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Important to recall that the electric response to a single 
at least three components, I, Il and II] Lambert and Ros 

1935). The first component, I, is a monophasic spike whi 

80 to 100 msec. The component IT begins immediately after I 

about 350 msec.; it is frequently diphasic or polyphasic. — ( 

begins during II]. The component TIT is roughly coincident 
mechanical response. 

In the present experiments T invariably denoted a positivity of the 
border of the nm. with respect to the body of the animal The ~ignifi 
cance of this polarity will be discussed later. Our interest was prir 
centered on the behavior of I and II 

Changes in the electrogram of the nam. on repetitive stimu 


peared with frequencies as slow as 0.5 per second. At this rate ot 


Fig. 1. Electric responses (1) of the nictitating membrane (nom Cathode-ra 


oscillograph. Stimulation of the postganglionic fibers at a frequency of 0.5 per se 
The interruptions in the time signal denote 0.25 sec. intervals. Downward excursions 
} of the spot denote positivity of the grid lead 
A to D, Ist to 4th responses. 


lation, in the majority of the cases, there was a decline of I to about 60 
per cent of the first response (fig. 2). In some cases, however, no change, 
or, rarely, even an increase of I, was apparent (fig. | 

As regards the behavior of IT at these slow frequencies, there was usually 
an increase of some of its phases with the successive stimuli, so that it was 
modified and became more prominent (fig. 2 In some preparations, 
when two stimuli were applied at a relatively long critical interval, I] 
Clearly began during I, completely modifying the electrogram 

From the long durations of T and IT reported above, it is obvious that, 
when the frequency of stimulation is increased, the interval between the 
stimuli soon becomes shorter than the duration of these potentials. The 
succeeding T will then be superimposed on the previous TT. Tn such cases 
IT as a rule was decreased, while I] increased or was not significantly 
altered. 
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The effects of higher frequencies may he generally described as follows 
The component T invariably declined during a series, the faster the fre- 


quency the more rapidly. At frequencies of from 10> to 20 per second 
isec. 
| 
0,1 sec. 


hig. 2. Electric responses, | and IL (string galvanometer), to series of stimuli 
induction shocks) at a frequency of 1 per see In this and the succeeding string- 
galvanometer records downward excursions denote negativity of the ground lead; 
the moment of application of the stimulus is indieated by an arrow or by the artifact 


which precedes the responses 


A. Dial; 933F (2.5 mgm. per kgm Pilomotors (p.m 
B. Dial Nom tesponses to Ist to ith break shocks applied to the pregangliont 
fibers 


> 


AY A 
| 
E i F 
WwW {sec 
Fig. 3. Dial; cocaine (S mgm. per kgm.); vohimbine (3 mgm. per kgm.). Electric 


responses of the nom. (string galvanometer) Repetitive stimulation (induetion 


shocks, rotary interrupter) of the postganglionic fibers 


A. Frequency, 0.8 per see. Amplification, mv. = 25 mm 
B. Frequency, 5 persec. Amplification, 1 my 25 mm 
(. Frequency, 5 per sec. Amplification, 1 mv 32mm 
ID. Frequency, 9 persee. Amplification, mv. = 32mm 
Frequency, 9 per sec. Amplification, 1 mys 38 mm 
Fk. Frequency, 16 per see. Amplification, 1 mv. = 38 mm 


The amplification is measured in millimeters on the original 35 mm. film 


usually only a few spikes were discernible at the beginning of the series 
With higher frequencies no individual spikes were detectable. | Independ- 
ently of the frequency, the beginning of the electrogram reproduced in 


such cases the pattern of Land IT as seen with a single shock — II, however, 
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showing summation. These initial changes were succes 

deflections, usually positive, to be followed by a prolonged neg 

the end of the series The earher portions Ol the sust eel t lt 
flections clearly represent summated IT waves merged smoothly tog 


Fig. 4. Electric responses of the nom. (eathode-ray oscillograp Repetitive 
stimulation of the preganglionic nerve Frequene rs: 2.3, 4, 8. 11] and 16 per sec 


Upward excursions of the spot denote positivity of the grid lead 

The transition from a treppe effect of IT at very slow frequencies to a 
smooth summation at high frequencies may be followed continuously 
through the intermediate range. Component IIT naturally adds with the 


later portions of the sustained IT responses. Figures 3 and 4 are typical 
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Certain drugs, e.g., yohimbine (Rosenblueth and Cannon, 1936) o1 
piperidinomethyl-3-benzodioxane (933F) (Monnier and Bacq, 1935; Rosen- 
blueth and Cannon, 1936) have been shown to increase the action poten- 


tials, particularly I, of the nom. and p.m. It was deemed of interest to 


study the effects of these drugs on the electric responses to repetitive 


stimulation. No significant difference was detected between the electro- 
grams obtained before and after these substances at frequencies higher 
than about 4 per second (see Rosenblueth and Cannon, 1936, for the ef- 
fects at low frequencies of stimulation). 


Fig. 5. Isotonice contractions of the n.m The upper signal denotes the period of 
stimulation. The lower signal records 30 sec. intervals 

A. Preganglionic fibers stimulated. The records (from below upwards) are 
responses to the following frequencies: 4.5, 4.5, 10, 14, 19.5, 28.5 and 50 per see. The 
order in which the observations were taken was the following: 4.5, 10, 14, 19.5, 28.5, 
50, and 4.5 per sec. 

B. Postganglienic fibers stimulated. Frequencies (from below upwards): 28.5, 
50 and 100 per sec 


b. The mechanical responses of the nom. Orias (1932) reported that 
when the preganglionic nerve supply to the n.m. is stimulated at relatively 
high frequencies (e.g., 40 per second) the isotonic record of the n.m. shows 
an initial rise to a maximum, succeeded by a slow decline although the 
stimulus be maintained. The responses to similar frequencies applied to 
the postganglionic fibers, on the other hand, are well sustained throughout 
stimulation. 

Knoefel and Davis (1933) did not find any significant difference be- 
tween pre- and postganglionic stimulation. “The present results, however, 
confirm the report of Orias. Both isotonic and isometric records of post- 


ganglionic stimulation showed well-sustained responses up to frequencies 
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of about 100 per second. The records of preganglionic stimul: 

the other hand, showed unsustained responses with frequens 

as a rule, than 18 per second. As the frequency was further 

the maximum was reached earlier and the decline occurred sooner an 


a lower level. Figures 5 and 6 illustrate typical instances 

Injections of 933F did not modify these results, except that the 
sponses were always smaller after than before injection of the drug (fig. 6 
ef. Bacq and Fredericq, 1935). 


Fig. 6. Dial. Curare. Isotonic responses of the n.m. Time signal: 30 sec 
intervals. Stimulation of the preganglionic fibers at the following frequencies 
0.1, 3, 11 and 18 per sec. 

A. Before 933F. 

B. After 933F (5 mgm. per kgm.). 


c. The electrical excitability of the denervated n.m. Rosenblueth and 
Cannon (1934) reported that the denervated n.m. is electrically inexcitable 
Monnier and Bacq (1935) confirmed this report but added that, in 4 cats, 
after injections of 933F, the denervated n.m. became electrically excitable 

We attempted in 3 cats to corroborate this appearance of electrical 
excitability after 933F. Our results were entirely negative. After doses 
of this drug of from 3 to 10 mgm. per kgm., as before the injections (Rosen- 
blueth and Cannon, 1934), the denervated n.m. may contract slightly on 
strong repetitive stimulation. But these contractions differ entirely from 
the normal responses of the muscle to nerve impulses: they fail to show 
either temporal or spatial summation—i.e., variations in the intensity 
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(above threshold), duration, or frequency of the stimuli do not appreciably 
modify the contractions (fig. 7). We did not obtain any effects on single 
stimuli, even when direct current was applied for 5 seconds or more, and 
even when the e.m.f. was raised to 300 volts, so that visible damage to the 
tissues occurred. The muscles yielded normal graded responses to graded 
doses of adrenine even after these strong stimuli. 


Fig. 7. Superior cervical sympathetic ganglion removed 12 days before. Direct 
stimulation of the n.m. Isotonic records. Time signal, 30 sec. intervals. The 
results of two experiments are illustrated; A, B, C and D, FE, F, respectively. 

A. Before 933F. Direct current pulses (0.2 sec.) applied as denoted by upper 
signals. Voltages: 20 and 40. The accidents in the record coincided with move- 
ments of the eye. 

B. After 933F (2.5 mgm. perkgm.). Voltages: 20, 40 and 60. 

C. Adrenalin (10 y). 

D. Dial, curare. Before 933F. Direct current pulses (0.02 sec.) applied as 
denoted by the upper signals. Frequency, 20 per sec. Voltage: 50. 

E. Same as D, but after 933F (11 mgm. per kgm.). Voltages: 10, 20, 30, 50 and 
50 (poles reversed). 

F. Adrenalin (0.2 mgm.). 


d. The electric responses of the pilomotors. With the position of the 
leading electrodes described under Method, that is, with the ground elec- 
trode placed on the abdominal wall, the sign of I in the p.m. was variable 
i.e., the surface of the tail was sometimes positive, sometimes negative 


with respect to the abdomen. This variability was observed not only 
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from animal to animal, but, in two instances, 
the course of the experiment, although the leads hac 
Changing the position of the tail with respect to the 
the polarity of I. Likewise, changing either the ground o 
to different positions in the abdominal walls or in the tail 
failed to reverse the sign of the responses 
More consistent results were obtained when both leads 
the tail, as follows. The lead placed cephalad, whether griv 
usually became electropositive during I, with respect to the | 
caudad The other components, [IT and TIT, of the electrograms deper 


hig. S. Diagrams of points where the 


tion see text 


4 sec. 


Fig. Electric responses of the 
meter of skin was excised at the level 
inserted into the underlving tissues 

A. Ground lead in position 

B. Ground lead in position / 


also on the relative position of the leads along the longitudinal : 
tail. Thus, if the grid needle was inserted at some point near the middl 
of the tail (position 3a in fig. SA), and the ground needle was placed first 
cephalad (positions 7 and 2), then caudad (positions 4 and 3), a complete 
reversal of all the phases of the electrogram) occurred, so that 
images were obtained (fig. 9). Tf both grid and ground were 
level (3a and 3b ho electric responses were detectable 

The magnitude of the clectrograms varied with the distance Cup to 10 
or 15 em.) between the leads. Thus, the grid being as before in positior 


3, the e.m.f. of T when the ground was in 2? was smaller than that recorded 


A B 
_ 
2,-2.4 
3b 
@*~+..-°6 \ 
A 
string gu ! eter \ ent 
of 2 in figure SA and the grid) lead 
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when the latter was in /; and similarly the responses increased when the 
ground was changed from 4 to5. If, however, one of the leads was placed 
at / or 5 and the other was successively implanted at progressively greater 
distances from the first, the responses, which at first increased, later de- 
creased and became more complex in pattern (fig. 10). Invariably, when 
one of the leads was placed at the base of the tail (position 1), the pattern 
of the responses was further complicated by the appearance of a swing 
preceding [ and of opposite sign to this component (fig. 10). 

The dependence of the magnitude and sign of the electrograms on the 
relative position of the electrodes with respect to the longitudinal axis of 
the tail was also strikingly shown as follows. Either the grid or the ground 
was placed in position 7 of figure 8B, while the other lead was placed sue- 
cessively at the points /, 2, ete. In such cases 0-2 was found similar to 


but smaller than 0-7; 0-3 gave no electrograms; 0-4 Was a mirror image 


Fig. 10. Electric responses of the p.m. (string galvanometer). 


A. Grid at base of tail. Ground successively inserted in positions 2, 3, 4, 
asin figure SA. Distance between each two successive points of insertion, 5 ¢m 

B. Grid at tip of tail. Ground successively inserted in positions 5, 4, 3, ete 
in figure SA 
of 0-2; 0-5 a mirror image of 0-1; 0-6, the same as 0-4; 0-7 
sponses; and 0-8, the same as 0-2. When the positions 1-5, 2-6, 3-7, 
ete., were tested, similar decreases and then reversed increases occurred 
Figure 11 illustrates such tests. 

In order to determine whether the tissue immediately in contact with 
the electrodes or the tissues included between them were responsible for 
the electrograms, we removed about a square centimeter of skin at one or 
both the pots of contact. The records were practically identical whether 
both electrodes were in contact with uninjured skin, one on skin, another 
on bare muscle and connective tissue, or both on the underlying tissues 
(fig. 9). No modification comparable to the change from diphasie to 
monophasic response seen in skeletal muscle and nerve on damaging the 
tissue under one electrode could be observed. 


If the pilomotor muscles between the leads were removed by excision 


SIGNIFICANCE OF ELECTRIC RESPONSES 


of the skin, the electric responses disappe ured 

however, to excise all the skin of the corresponding res 

il only the ventral portion Was excised, the leads bers 
ventral aspect of the tail, some electric responses persists 
smaller than m the intact animals, showing that the pilom 


dorsal region contribute to the electrograms recorded 


If the distance between the leads was kept constant ani 


were displaced along the tail (e.g., 1-2; 2-3; 3-4; 4-5; fig. SA 

of the responses increased when the leads were moved caudad 

tern also frequently underwent slight) changes. Obviously 
latencies were due to conduction in longer segments of the nery 
method then affords a means of calculating the rate of conduction it 
nerves. Such a calculation was made in 4 animals and yielded a 


conduction of 1.5 to 4m. per sec. These figures agree well with thi 


hig 11 Kleetric responses of the p.m. (string galvanometer 
A. Ground in position @ as in figure SB. Grid successively inserted in) positions 
{to Radius: 1.2 em 


B. Ground and grid rotated as follows: 1-5; 2 6; ete. (fig. SB) Diameter 2 en 


of conduction of the postganglionic pilomotor fibers in the cervical svm 
pathetic, which was found by Eccles (1935) to be 1.7 to 5 m. per see 

Slight, but definite electric responses were recorded when a ground plate 
Was Inserted underneath the skin and a grid needle was placed on the 
shaved surface, immediately above. With such leads the surface of the 
skin became negative with respect to the underlying tissues during I 

When two shocks were delivered at suitable time-intervals, the COMLpO- 
nent IL of the p.m. showed summation (ef. fig. 8, Lambert and Rosen 
blueth, 1935). Summation of IT was not apparent in the nom. with two 
shocks. 

The component I of the electrogram of the p.m. is more stable on re peti- 
tive stimulation than in the nom. Thus, in the n.m., a decline of T occurs 
ut frequencies of stimulation slower than 0.5 per second (section a In 
the p.m., on the other hand, it is usually necessary to reach frequencies 


of 1 to 2 per second before n deerease ol | Is visible 


= 
raite of 
A A 4 
| 
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Within the limitations imposed by these differences between the nom 
and the p.m., the electrograms of the latter on repetitive stimulation wer 
similar to those obtained from the former. Figure 12 reproduces a typical 
Instance, 

e. The relations between the components IT and II of the electrograms, A 
prominent characteristic of Lis its tendeney to decline on repetitive stimu- 
lation even at relatively slow frequencies e.2.. 0.5 per second for the 
nem., 1 per second for the p.m. Its duration is practically impossible to 
determine, for I] probably begins while IT is developing and may modify 
the course of the latter. Thus, when the early phases of IT increase during 
a series, apparently shortens (fig. 2) 


thor Frequencies: 0.7, 5.5, 6.5, 8.3, 12, 17, ane 


hig. 12. Electric responses of the p.m. (string galvanometer Repetive stimula 
| 2 


) 


per se 


The component [IL is quite variable, even for single shocks separated by 
several seconds. It is in some preparations very prominent, but in other 
cases apparently absent, or masked by alarge I. The ability of IT to mask 
I] was particularly striking in one experiment on the p.m. The effects 
of adrenine were being tested. This hormone decreases I, and, to a less 
extent, [I], in both the nom. and the p.m. (Rosenblueth and Cannon, 1936). 
In the case in question every time adrenine was injected [apparently re- 
versed its sign, and then returned to its original direction. When the 
latencies of these responses were measured, however, it) was found that 
the negative excursions before adrenine had a latency of 110 msec, while 
the positive deviations during the action of the hormone had a latency of 
135 msec. Since in all other experiments with adrenine the latency of I 
was never changed, we interpret these results as due to the Suppression ol 
I, while the early onset of IT became apparent 
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Discussion. A. The method. Our method for leading off the electric 
responses of smooth muscle has been criticized by Bacq and Monnier 
(1935). They used as electrodes a clamp made out of melted KCl, placed 
at the free border of the n.m. and a d’Arsonval-Lapicque wick placed on 
the surface of the n.m. at a point as distant from the other electrode as 
possible. They refer to the first one as an “‘inactive’’ electrode. They 
assume that the KCl depolarizes the underlying muscle, while the wick is 
in contact with active tissue. 

Consideration of the anatomy of smooth muscle in general and the n.m. 
in particular will reveal the fallacy of these assumptions. According to 
Bacq and Monnier’s description of their procedure, the KC] clamp was 
really in contact with the conjunctiva beneath which lay connective tissue 
and cartilage. The wick was also in contact with the conjunctiva, be- 
neath which were connective tissue and some muscular elements. The 
majority of the muscle cells, however, were in reality between the leads, 
just as with the method we have adopted. 

If this interpretation is correct, we should expect similar records with 
the two methods, and such is indeed the case. Although Monnier and 


Bacq (1935) describe the ‘‘action potentials” of the n.m. as monophasic, 


an examination of their published records (see figs. 2 and 3 of their paper) 
reveals that some of them are really polyphasic. 


B. The sign and magnitude of I. From the data reported in section d 
(figs. 9, 10 and 11) it is obvious that the sign of I does not depend on 
whether the leads are in contact with muscular elements, but on the 
orientation of the active cells between the leads. This is what would be 
expected a priort when dealing with cells whose dimensions are smaller 
than the distance between the electrodes (cf. Adrian, 1925). For this 
reason we consider quite unnecessary the precaution which Monnier and 
Bacq (1935) stress, of attempting to depolarize a region of the muscle 
(e.g., by means of KCl). If local depolarization is to be effective it must 
depolarize a part of each individual muscle cell. Complete depolarization 
of some cells, while others are unaffected, is equivalent to changing the 
position of the physiological electrode. 

Indeed, when the small size of the active elements is considered in rela- 
tion to the distance between the electrodes, it is surprising that any elec- 
trogram is detected at all, for unless 1, the depolarization of each element 
is asymmetrical, either in time or degree, and also 2, unless the elements 
are similarly oriented, the electrodes would be isoelectric at all times. The 
first condition must be fulfilled if a muscle cell is to generate an external 
electrical field, and the second condition, if these fields are to reinforce 
instead of cancelling one another. 

The important practical precaution is not the, depolarization of the 
border of the n.m., but the lifting of the n.m. free from contact with the 


400 A. ROSENBLUETH, H. DAVIS AND B. REMPEL 


eyeball. This greatly increases the recorded potentials by reducing the 
shunting effect of adjacent tissues. 

We conclude that the smooth muscle electrogram is the resultant of an 
oriented asymmetric depolarization of the muscle cells. The data avail- 
able are in accord with this view. Thus the component I is prominent in 
the n.m. and especially in the p.m., where the cells are known to be ori- 
ented, while it is comparatively small and difficult to detect in the bladder 
(Rosenblueth, Leese and Lambert, 1933; Lambert and Rosenblueth, 
1935), where there is a conflicting orientation of the muscle cells. The 
fact that I in the n.m. was invariably found to denote positivity of the 
“active” grid lead does not necessarily mean that the polarization of the 
smooth muscle cells differs from that in nerve or skeletal muscle, but may 
be merely an expression of the orientation of the cells with respect to the 
leads. If the polarization in smooth muscle is similar to that of skeletal 
muscle, the direction of I implies that the depolarization begins in each 
cell nearer the base than the free border of the n.m. 

The orientation and asymmetrical depolarization of the muscle cells 
is further substantiated by the increasing size of I in the p.m. when the 
number of effective elements is increased by augmenting the distance be- 
tween the leads (fig. 10). The electric potentials of successive cells sum 
in series, much as those of the elements of the electric organs of fishes 
(ef. Gotch, 1900). 

Since all three components of the p.m. electrogram were reversed when 
the relative position of the leads was reversed, and since this reversal was 
independent of whether or not either or both of the leads were in direct 
contact with ‘‘active tissues’ (fig. 9), it follows that the sign of the re- 
sponses does not justify any conclusions in relation to the sign of the 
changes in polarization of the individual muscle cells concerned. If a 
similar situation exists in the uterus, as is likely, it invalidates Bacq and 
Monnier’s (1935) conclusion that the electric response (III) of the non- 
pregnant cat’s uterus is a ‘‘Gaskell effect’? denoting an increasing polariza- 
tion of the muscle during the relaxation induced by hypograstric stimula- 
tion or by adrenine. 

Orientation of the muscle cells in the n.m. and the p.m. is established 
anatomically. On the other hand, no anatomical data are available that 
may be correlated with the asymmetrical depolarization of each cell that 
we have inferred. It is possible that the region of entrance and intracel- 
lular termination of the nerves (see Cannon, 1933, for references) might 
furnish a clue for this asymmetry, but the question must be settled by 
future anatomical investigation. 

The pilomotor system is more complex than the nictitating membrane. 
In the latter, a group of similarly oriented cells between the electrodes are 
activated almost simultaneously. In the former, many groups of similarly 
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oriented cells are distributed throughout the skin, both between and 
beyond the electrodes. They are not all activated simultaneously. A 
wave of pilomotor activity advances down the tail at a rate of 1.5 to 4 
m. per sec. 

The probable orientation of the pilomotor muscle cells is indicated in 
figure 13. We find (p. 398) that the skin surface becomes electrically 
negative during I. This implies that the end of each group which is super- 
ficial and also caudal becomes relatively negative and the deep, cephalad 


I I A- 


A+ 


Fig. 13. Schematic representation of the p.m. of the tail. The orientation of the 
pilomotor muscles is shown by the oblique heavy bands. On activation, the super- 
ficial caudad end of each muscle becomes negative relative to the deep cephalad end 
The diagram represents the moment when the muscles as far as B have become active 
The corresponding time in the electrogram above is shown by the arrow. The active 
muscles constitute a series of electrical doublets, and the resulting direction of 
current flow and potential gradient is indicated by the dotted lines. Electrode A is 
positive relative to B, due to the summated effect of the longitudinal components 
of the doublets between them. At this moment, before units beyond B are activated, 
B would be negative relative to another more distal electrode (not drawn), due to the 
potential gradient indicated by the dotted lines in advance of the active muscles 
This is the basis of the ‘leading negative phase’’ described in the text. 


end, positive. This is what we usually observe (p. 396) in the simplest 
situation. 

The leading negative phase (section d), best seen when the cephalad 
electrode is near the base of the tail, can be interpreted as analogous to 
the leading positive phase seen with skeletal or cardiac muscle in a volume 
conductor (Craib, 1928; Bishop and Gilson, 1929; Wilson, McLeod and 
Barker, 1933) As the wave of activity approaches over the skin of the 
rump and the base of the tail, it consists of a series of electrical doublets 
with negative pole directed toward the caudally located pair of electrodes 


Rump | 
|| 
Al+ Bi- 
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(fig. 13). The cephalad electrode A becomes relatively negative. A 
tapering mass of tissue between the electrodes will favor the appearance 
of this potential difference between A and B. When activity spreads 
past A, the potential difference between A and B abruptly decreases. As 
additional elements between A and B are activated they tend to make 
A relatively positive, soon overcoming the negativity produced by the 
elements central to A. A becomes more and more positive until the wave 
front reaches B. From then on, the subsequent phenomena are unpre- 
dictable unless we know the time course of the electrical events in a typical 
element. In so far as the elements are acting simultaneously, all those 
between A and B tend to sum their electrical effects like the cells of a 
battery, and are opposed by (usually much weaker) components, opposite 
in sign, contributed by the extra-polar regions cephalad to A and caudad 
to B. These will usually be recognized only when activity between A and 
B is slight or nil, as during the preliminary negative phase. 

If the electrical sign of II is opposite to I and begins early enough 
(p. 399), it may modify the description given above, when the distance 
between A and B is great, by terminating the major positive swing before 
the wave of activity reaches B. If it were not for this limitation the time 
between the first negative and the first positive peaks in the electrogram 
would furnish an immediate basis for calculation of the velocity of con- 
duction between A and B. As it is, we must base these calculations on 
differences in the latency of the beginning of the first positive swing of the 
cephalad electrode, irrespective of whether the leading negative phase is 
visible or not. This event denotes the onset of electrical activity under 
electrode A. 

The apparently variable sign of I (p. 395) is thus partly explained. 
The size of the leading negative phase will vary with the degree to which 
the hairs on the rump are activated in a given case, and with any anatomi- 
cal factors which might modify the distribution of potential in the tissues 
of the animal. 

When the ground lead was in contact with the pelvic or inguinal regions 
the sign of I was sometimes positive, sometimes negative, and the leading 
negative phase was absent. In this case the relation of the active tissue 
to the leads is more complicated. The wave of pilomotor activity be- 
gins between the leads. The situation is too complex to render profitable 
any present attempts at further theoretical analysis. Likewise we re- 
frain from describing in detail, much less interpreting, the occasional 
large diphasic or polyphasic responses seen during repetitive stimulation 
in a few experiments. They are puzzling exceptions to an otherwise 
regular series of typical responses. 

C. The significance of the electric responses in smooth muscle. Purely on 
the basis of analogy we have previously assumed that I was the strict 
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equivalent of the spike potential of skeletal muscle (Rosenblueth, Leese 
and Lambert, 1933; Rosenblueth, 1935; Lambert and Rosenblueth, 1935). 
It is probable that I, like the spike of skeletal muscle, is due to a depolari- 
zation of some polarized interface. The electrical analogy would there- 
fore be legitimate. The spike potential of skeletal muscle, however, de- 
notes a conducted wave of depolarization; indeed, conduction is probably 
its chief function. In smooth muscles, on the other hand, electrical con- 
duction of an excitatory state is improbable. The cells are small, the 
contractile process is slow; diffusion of the chemical mediator can there- 
fore readily account for the phenomena observed. That there is no all- 
or-none intercellular conduction in smooth muscle was shown by Rosen- 
blueth and Rioch (1933). The electrical inexcitability of denervated 
smooth muscles (section c) speaks likewise against the existence of an 
all-or-none wave of depolarization in these muscles. 

The analogy between I and the spike potential of skeletal muscle breaks 
down in one significant respect. At frequencies of stimulation far below 
the optimal (20 to 25 per second) for contraction of smooth muscles, the 
I component shrinks to undetectable levels within a second or two. In 
skeletal muscle, even at frequencies so high as to cause rapid fatigue, 
the spikes remain clearly recognizable (Davis and Davis, 1932).  Inci- 
dentally, the failure of this analogy renders meaningless the interpretation 
of “pseudo-fatigue’”’ of smooth muscle offered by Knoefel and Davis 
(1933). 

If I does not represent conduction, what may be its meaning? The 
depressing action of adrenine on this component (Rosenblueth and Can- 
non, 1936) furnishes a clue. This decline of the electrogram during the 
action of the hormone would indicate that adrenine partly or fully de- 
polarizes the interface responsible for I. If the adrenine-like mediator is 
liberated inside some cells on stimulation of the sympathetic nerves, as is 
probably the case (see Cannon, 1933), then, this mediator or its compound 
(sympathin) with the receptive substance may also depolarize the inter- 
face, thus giving rise to I. 

The latencies of I in both the n.m. and the p.m. are strongly in favor of 
this view. These latencies (Rosenblueth and Cannon, 1936) were: n.m. 
(postganglionic stimulation), 28 msec.; p.m., 120 msec. The distances be- 
tween the stimulating electrodes and the muscles were about 6 and 12 cm., 
respectively. The rate of conduction of the postganglionic motor fibers 
of the n.m. is about 6 m. per sec. (Eccles, 1935). For the p.m. the rate 
of nerve conduction is about 1.5 to 4 m. per sec. (section d; the ganglionic 
delay, if preganglionic fibers were stimulated, is negligible for this calcula- 
tion). We then find a delay of 18 msec. after the nerve impulse has 
reached the muscle, before I appears in the n.m., and a similar delay of at 
least 40 msec. in the p.m. Such large values cannot be accounted for 
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reasonably by the assumption of a slowed conduction at the fine nervy: 
terminals. They may be readily explained, however, by the hypothesis 
suggested, as due to the time necessary for the liberation and diffusion of 
the mediator before the action potential begins. 

The rapid decline of I on repetitive stimulation, even at relatively slow 
frequencies (sections a and d) is very difficult to reconcile with conduction 
on the analogy with skeletal muscle, but is readily explained by the present 
hypothesis. For, the mediator being destroyed only slowly, successive 
impulses, and the corresponding quanta of mediator, would encounter an 
increasingly depolarized interface. 

Whether I is an all-or-none reaction is an open question, since no direct 
evidence is available. If the interpretation suggested above is valid then 
I need not follow the all-or-none principle, for we have assumed I to de- 
note a depolarization of some interface, and have further assumed that 
the mediator is responsible for this depolarization and that the latter is 
proportional to the amount of mediator present. 

The component II, being more variable and complex than I, is more 
difficult to interpret. Indeed, there is no reason to assume that it is a 
single phenomenon; its behavior (sections a, d and e) rather suggests that 
it may be due to a succession of several overlapping events. In nerve, 
the after-potentials have similarly been assumed by Gasser (1935) to be 
due to a chain of chemical reactions. 

Our data show that II is clearly distinct from I. At slow frequencies of 
stimulation I may shrink while II increases (fig. 2). Adrenine sometimes 
has a similar differential effect (section e). At moderately slow frequencies 
II appears progressively earlier during I, often curtailing and reducing 
the latter. This may be another aspect of the differential growth of II, 
or else it implies a reduced latency. Since the latency of I is constant, 
this alternative also implies independence. Finally, at higher frequencies 
after the initial response, I characteristically shrinks to extinction, while 
successive II waves show a smooth summation. 

The interpretation adopted previously for I has the following conse- 
quences as regards II. Since only some of the smooth muscle cells are 
innervated (see Cannon, 1933, for references), after the depolarization of 
the key-cells by the mediator, the latter would reach, in diffusing outwards, 
some of the non-innervated elements, and depolarize them in turn. This 
process might account for at least some of the phases of II. There prob- 
ably are other factors at play, however, for 933F, which renders the 
smooth muscle less permeable leads frequently to an increase of II (Rosen- 
blueth and Cannon, 1936). Decreased permeability might, however, be 
offset by greater polarization. 

As regards III, we have nothing to add here to the discussion offered by 
Lambert and Rosenblueth (1935). 
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These hypotheses concerning the functions of the potentials in the n.m. 
and the p.m. may be summarized in the following schema (modified from 
Rosenblueth, 1935): 


(1) Nerve action potential 


+ 
(2) Liberation of an adrenine-like mediator inside the innervated cells 
! 


(3) Combination of the mediator with the receptive substance 


+ (4) Depolarization of the surface of the key cells, and 


(5) diffusion of the mediator and the compound (sympathin E) 
| 
+ 


II « (6) Depolarization of adjacent non-innervated cells, and 
(7) penetration of the mediator; 


II (?) — (8) further combination with the receptive substance in these cells. 


II! <— (9) Depolarization of other interfaces (see Dubuisson, 1935) and 
contraction. 


D. The electrical excitability of the n.m. In skeletal muscle the general 
interpretation is that the electrical stimulus sets up a local depolarization 
(local excitatory state) ; if this is sufficient a wave of depolarization, which 
is conducted (conducted disturbance) is initiated; this, in turn, elicits con- 


traction by a mechanism which is still obscure. 

The réle we have attributed to I in smooth muscle excludes the con- 
ducted disturbance, an indispensable step in electrical excitation in terms 
of the generally accepted membrane theory. The fact that denervated 
smooth muscle is inexcitable (see section c) is in agreement with this inter- 
pretation. We are thus led to the inference that for an electrical stimulus 
to be effective in smooth muscle it must elicit the liberation of the chemi- 
cal mediator (see also the Discussion, Rosenblueth and Cannon, 1936). 

The electrical excitability of the denervated n.m. after 933F, reported 
by Monnier and Bacq (1935), which we have failed to confirm (section c), 
may merely imply that Monnier and Bacq attach to the term “electrical 
excitability” a meaning different from that which we have adopted here 
and which we believe is the standard meaning. They do not mention 
whether, in their 4 cats, they used single or repetitive stimulation to de- 
termine the strength-duration curves they publish. They do not state 
whether threshold, or submaximal, or maximal responses were used as 
an end-point. They do not comment on the characteristics of the re- 
sponses, nor do they give any records from which these characteristics 
might be judged. It is possible that the responses they obtained were the 
small contractures we observed (fig. 7), or else, since they worked on un- 
curarized animals, that eye movements may have occasioned an artifactual 
movement of the n.m. 


I 
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If, for these reasons, we dismiss the data of Monnier and Bacq as in- 
conclusive in this respect, the only evidence available, to our knowledge, 
that might denote a direct electrical excitability of smooth muscle is the 
evidence presented by Simeone and Rosenblueth (1934), that the strength- 
duration curves of innervated n.ms. demonstrate two different excitabili- 
ties. Simeone and Rosenblueth attributed one of these excitabilities to 
nerve, the other to the muscle. It is possible, however, that the second 
excitability is that of the mediator-secreting structure, which would de- 
pend trophically on the nerve, and therefore degenerate after denervation. 
Whether smooth muscle is at all directly excitable electrically is therefore 
still an open question. 

E. The sympathetic ganglion. Our results (sections a and b) are in full 
agreement with the now generally accepted notion that the ganglion acts 
primarily as a spatial (not temporal) multiplier, at least at low frequencies 
of stimulation of the preganglionic fibers. 

The slight tendency of I to sustain its magnitude better on repetitive 
postganglionic than on preganglionic stimulation (section a) might be 
explained as due to the temporal dispersion imposed by the ganglion on 
the volleys which traverse it (Bronk, Tower and Solandt, 1935; Rosen- 
blueth and Cannon, 1936). 

The differences in the mechanical responses to high frequencies of stimu- 


lation of the preganglionic and postganglionic nerves, respectively (section 
b), reveal properties of the ganglion which require further study for 
interpretation. 


SUMMARY 


Mechanical and electric responses of the nictitating membrane and 
pilomotors of the cat were recorded on repetitive stimulation at various 
frequencies of the pre- and postganglionic nerve supply. The electrical 
excitability of the denervated nictitating membrane was studied. The 
effects of certain drugs on these phenomena were observed. The following 
conclusions are derived. 

1. The electrograms denote an asymmetric depolarization of oriented 
smooth muscle cells (p. 401). 

2. The polarity of the electrograms depends on the orientation of the 
muscles with respect to the electrodes (p. 401). 

3. Therefore, the polarity of the electrograms of groups of cells does 
not give any information as to the sign of the electric changes in the indi- 
vidual cells (p. 401). 

4. The electric potentials of neighboring cells may add in series (p. 403). 

5. The spike component (I) of the electrograms is probably produced 
by the chemical mediator (p. 404). 

6. Therefore I is not a propagated disturbance (p. 404). 

7. It may not follow the all-or-none law (p. 405). 
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8. Smooth muscle may be electrically inexcitable (p. 407). 

9. The conclusions 5, 6, 7 and 8 reveal fundamental differences between 
smooth and skeletal muscle. 

The probable sequence of events in neuromuscular conduction in smooth 
muscles is summarized (p. 406). 
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Meltzer and Auer (1904) noted that adrenalin causes a greater contrac- 
tion of the blood vessels of the rabbit’s ear, the nictitating membrane and 
the dilator fibers of the iris when these structures are denervated than 
when they are normally innervated. Elliott (1905) confirmed and ex- 
tended these observations, including evidence that the retractor penis 
and the pilomotors, when denervated, are made specially responsive to 
injected adrenalin. Other observers (Lichtwitz and Hirsch, 1910; Pearce, 
1913; and Shimidzu, 1924) have reported similar phenomena. Shimidzu 
published records showing a greater efficacy of adrenalin in producing 
inhibition of denervated than of innervated rabbit intestine. Meltzer 
and Auer and also Elliott noted that the effect was not immediate but 
developed some days after the denervation. The course of the increasing 
response of the nictitating membrane after removal of the superior cervi- 
cal ganglion was recorded by Hampel (1935), who found that the contrac- 
tions resulting from standard doses of adrenalin rose rapidly during the 
first six to eight days, more slowly during the six to eight days which 
followed, and that after a maximal responsiveness was reached no further 
change occurred. He drew the same conclusion that Elliott had drawn, 
that the increase of the response was due to an increase of sensitivity to 
injected adrenalin. 

Sympathetic impulses are mediated by an adrenine-like substance 
(sympathin) and parasympathetic impulses are mediated by acetylcholine. 
Since sympathetic denervation increases the effects of adrenine, the ques- 
tion arose as to whether degeneration of the parasympathetic supply to a 
smooth muscle would sensitize this muscle to acetylcholine. An affirma- 
tive answer to this question was provided by the observations of Shen and 
Cannon (1936), who found that after removal of the ciliary ganglion the 
constrictor muscle of the iris became highly sensitized to acetylcholine. 

Dale and Feldberg (1934) have found indications that in the transfer of 
impulses from motor nerves to skeletal muscle there is an intervention of 
acetylcholine. When skeletal muscle is denervated it becomes sensitized 
to acetylcholine. Observations on both smooth and skeletal muscles, 
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therefore, suggest that denervation augments their response to the natural 
chemical mediators of the nerve impulses which affect them. It may be a 
general law that denervation increases sensitiveness to stimulating agents 
The interesting question arose as to whether this would prove true also of 
nerve cells. 

The outlying neurones with cell bodies in sympathetic ganglia may be 
regarded as being innervated by preganglionic fibers. Evidence has ac- 


cumulated that in the transmission of nerve impulses from preganglionic 


fibers to ganglion cells acetylcholine serves as a mediator (Kibjakov, 1933; 
Feldberg and Gaddum, 1934). Specifically the question may be asked, 
does denervation of the ganglion cells by severance of the preganglionic 
fibers render them more sensitive to acetylcholine? An answer to this 
question was the object of the present investigation. 

Metuop. The nictitating membrane of the cat was employed as an 
indicator. The preganglionic fibers in the cervical sympathetic supply 
were aseptically severed on the right side, and at least a week was allowed 
for degeneration. At the time of the experiments dial (0.8 cc. per kgm.) 
was used as an anesthetic. The preganglionic fibers on the left side were 
cut acutely, and both nictitating membranes were arranged for recording. 
Two methods of testing increased sensitiveness of the ganglion to acetyl- 
choline were employed, injection and local application. 

For the first method the adrenal glands were removed in order to avoid 
possible action of adrenine secreted because of injected acetylcholine 
(Feldberg, Minz and Tsudzimura, 1934). Atropine (1 mgm. per kgm.) 
was administered intravenously to lessen the effects of acetylcholine on 
the membranes (Rosenblueth, 1932) and on the blood pressure; it has no 
significant influence on the ganglion cells. A small dose of curare was 
used to stop the eye movements caused by acetylcholine (Duke-Elder 
and Duke-Elder, 1931) and also to obviate the muscular quivering from 
injected prostigmin; it lessens somewhat the sensitiveness of the ganglion, 
but not to a great extent (Langley and Anderson, 1895). Finally, prostig- 
min (Roche; 0.5 mgm. per kgm.) was injected to protect acetylcholine 
from destruction by esterase in the circulating blood. 

In the later experiments the second method was employed, in which no 
preparatory drugs were injected, and small pledgets of cotton wet with 
acetylcholine in concentrations varying from 1 to 10 per cent were applied 
directly to the superior cervical ganglia laid bare in situ. 

Resvtts. In figure 1 are presented the tracings of the nictitating 
membranes recording simultaneously, the right above, the left below, in 
each instance. The first part of figure 1A confirms the observation made 
by both Elliott and Hampel, that severance of preganglionic fibers will in 
time sensitize the paralyzed muscle; the right (chronically decentralized) 
membrane contracts more than the left in response to 0.005 mgm. adrena- 
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lin. The second part of figure 1A presents two responses of the membranes 
to acetylcholine, 0.3 and 0.5 mgm. respectively. The right membrane 
after each injection contracted sharply; in the left membrane there was 
no response; the slight change was possibly due to a movement of the 
eyeball. 


Figure 1B shows the responses which occurred when the same procedures 
were used after both superior cervical ganglia had been removed. Adrena- 
lin had the same effect as before, as was expected. When the doses of 


Fig. 1. Cat. Dial, atropine, curare  prostigmin. Adrenals ligated. Right 
superior cervical sympathetic ganglion denervated 9 days. Records of nictitating 
membranes: right, above; left, below. Effects of injecting (1) adrenalin, 0.005 mgm.; 
(2) acetylcholine, 0.3 mgm.; and (3) 0.5 mgm. A, before, B, after removal of superior 
cervical ganglia. 


acetylcholine were repeated, however, the quick contraction of the mem- 
brane on the denervated side entirely disappeared and the heights of the 
contractions were much less as compared with the heights when the 
ganglia were present. From these and other similar observations the in- 
ference is justified that the quick and high response of the membrane sup- 
plied by the denervated ganglion cells was due to a discharge from these 
cells; and since it did not occur on the side where the ganglion cells were 
acutely denervated, the cells on the chronically denervated side must have 
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acquired with the passage of time an increased sensitiveness to acetyl- 
choline. As has been shown by Rosenblueth (1932), acetylcholine can by 
itself cause a contraction of the nictitating membrane. The records in 
figure 1B prove that the membrane becomes sensitized to acetylcholine 
after severance of the preganglionic fibers which normally bring impulses 
to it. 

Figure 2A presents the results typically obtained when acetylcholine 
was applied directly to the right, chronically denervated superior cervical 
ganglion (upper record) and to the left, acutely denervated ganglion 
(lower record). There was a striking response on the right side and a 
negligible response on the left. That the nictitating membrane on the 
left was quite capable of contraction is shown in figure 2B, a record of 
the effect of a small dose of adrenalin injected intravenously. 


Fig. 2. Cat. Dial. Right superior cervical sympathetic ganglion denervated 15 
days. Records of the nictitating membranes; right, above; left, below. A, acetyl- 
choline (1 per cent on cotton pledgets) applied to superior cervical ganglia: first pair 
of marks, pledgets on; second pair, off. B, adrenalin, 0.005 mgm. intravenously. 


The possibility that there might be a transport of acetylcholine in the 
blood stream from the region of the ganglion to the nictitating membrane 
was tested by removing both superior cervical ganglia and placing pledgets 
wet with acetylcholine in the same places as before. The results were 
negative. 

GENERAL CONSIDERATIONS. The question arises as to how the in- 
creased sensitiveness of denervated structures may be explained. It 
might be supposed that innervated cells require a continuous minimal 
supply of the chemical agent which directly induces their response in 
order that they may be normal. If this chemical agent should be lacking, 
the cells might be influenced by a smaller amount than would be needed 
naturally. The efficacy of small doses of thyroxin in myxedema and in- 


sulin in diabetes, as compared with the large doses necessary to produce 
changes in the normal individual, might be cited in support of such a view. 
Obviously, however, this view would require the denervated structures to 
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be specifically sensitive to the agent which is lacking, i.e., to the agent 
which is normally active. 

An alternative suggestion is that the greater sensitiveness is due to an 
increased permeability of cell membranes when they are denervated. If 
this is true, then a given chemical agent effective as a stimulus would enter 
faster because of a readier access to the interior of the cell, i.e., the con- 
centration inside a denervated cell would be greater than in normal cells 
in the same circumstances. Furthermore, if the suggestion of greater 
permeability is true, it should be true not only for natural stimulating 
agents, but also for other agents which can be applied. This has proved 
to be the case. Skeletal muscle, deprived of its nerve supply, becomes 
specially responsive to the action of not only acetylcholine, but also 
potassium chloride, nicotine and other substances belonging to the nico- 
tine group (see Dale and Gasser, 1926). In smooth muscle, likewise, 


Fig. 3. Cat. Dial. Right superior cervical sympathetic ganglion denervated 32 
days. Records of nictitating membranes: left, above; right, below. Potassium 
chloride (5 per cent on cotton pledgets) applied to superior cervical ganglia: first] pair 
of marks, pledgets on; second pair, off. 


acetylcholine, pilocarpine and physostigmine, in addition to adrenine, all 
cause a greater contraction of the nictitating membrane when chronically 
denervated than when freshly denervated (Rosenblueth, 1932). Pilo- 
carpine as well as acetylcholine is extra-active on the iris constrictors de- 
prived of their nerve supply (Anderson, 1905). This non-specificity is 
seen also in denervated ganglion cells. As Brown and Feldberg (1935) 
have pointed out, potassium ions stimulate ganglion cells. In figure 3 
are presented the records of the nictitating membranes when 5 per cent 
potassium chloride was applied to the chronically denervated right superior 
cervical ganglion (lower record), and simultaneously, to the left acutely 
denervated ganglion (upper record). Obviously the potassium ions had 
a much greater effect on the chronically denervated cells. The evidence 
at hand supports the theory that severance of their nerves renders the 
denervated structures more permeable to stimulating agents. 
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The observations on skeletal muscle, on various types of smooth muscle 


whether supplied with sympathetic or parasympathetic fibers, and on 
ganglion cells all point to a general rule that depriving a structure of its 
nerves makes it more responsive to stimulating agents. Quite possibly 
similar phenomena occur in the central nervous system. 


SUMMARY 


Evidence indicates that denervated skeletal and smooth muscles are 
sensitized to the natural chemical mediators of the nerve impulses which 
cause them to contract. Sympathetic ganglion cells may be regarded as 
innervated by preganglionic fibers. Acetylcholine, either injected (fig. 1) 
or applied locally (fig. 2), has a much greater effect in stimulating the 
superior cervical ganglion chronically deprived of its preganglionic innerva- 
tion than the superior cervical ganglion acutely denervated. 

Increased sensitiveness of the denervated structures is attributed to a 
greater permeability of these structures to various stimulating agents 
(compare figs. 1 and 2 with fig. 3). 
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In recent literature on the chemical mediation of nerve impulses in 
smooth muscle (see Cannon, 1933, for references) no explicit statement oc- 
curs as to whether this is the only mode of transmission possible. Tacitly, 
however, such an idea has probably been prevalent. Monnier and Bacq 
(1935) have suggested that two modes of transmission occur; the chemical, 
by formation of an autonomomimetic substance, and the electrical, the 
nerve action potential being a direct excitatory agent. 

The great importance of this suggestion led us to the present study. It 
is our purpose to show that some experimental data are not accounted for 
by the dual theory of Monnier and Bacq and that an alternative interpre- 
tation, which postulates exclusively a chemical mediation, may explain the 
data on which Monnier and Bacq base their hypothesis. 

Metuops. Cats were used under dial anesthesia (Ciba, 0.7 to 0.8 ce. 
per kgm. intraperitoneally). The following neuromuscular systems were 
studied: cervical sympathetic—nictitating membrane (n.m.), abdominal 
sympathetics—pilomotors of the tail (p.m.), splanchnics—stomach. 

The mechanical responses of the nictitating membrane and stomach 
were recorded isotonically or isometrically; the erection of the pilomotors 
was observed directly (cf. Rosenblueth, 1932). 

The electric responses were recorded as described by Lambert and 
Rosenblueth (1935). The stimuli employed were induction shocks from 
a Harvard inductorium or a Bishop balanced coil, or rectangular waves 
from a multivibrator circuit discharged through a transformer. The 
drugs used were the following: yohimbine hydrochloride (Merck); co- 
caine hydrochloride (Merck); adrenalin (Parke, Davis) ; piperidinomethyl- 
3-benzodioxane (933F); and diethylaminoethyloxycymene (929F). The 
last two drugs were kindly furnished to us by Dr. D. Bovet. All injec- 
tions were made into a femoral vein. 

Resutts. a. Yohimbine. Injections of this drug (3 to 10 mgm. per 
kgm.) depress markedly the contractile action of adrenine on the n.m.; 
the contractions in response to stimulation of the cervical sympathetic, 
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by Bacq and Fredericq (1935a, b) and Monnier and Baeq (1935). Its 
effects are in all points similar to, and usually even more striking than, 
those described above for yohimbine. The contractile responses of thi 
n.m. to adrenine are considerably decreased (Bacq and Fredericq, 1935 

those to sympathin from distant sources are abolished (Baeq and Fred- 
ericq, 1935b). 

The mechanical responses of the nm. to stimulation of the cervical 
sympathetic are also decreased by 933K, but much less than are those to 
adrenine (ef. Baeq and Fredericg, 1935a). The decrement is proportional 
to the doses of 933F employed. We have not observed a significant in- 
crease of the mechanical responses of the n.m., whether to single shocks 
or to repetitive stimulation of the cervical svmpathetie (ef. Monnier and 
Bacq, 1935). 


B 
A A 


Cc 


Fig. 3. Isometric mechanical (upper tracings) and electric (lower tracings) re- 
sponses of the n.m. to the Ist and 8rd make shocks in short series at a frequeney of 
0.5 per see. Calibration of the electric responses: 1 my. = 27 mm. on the original 
35 mm. film. Time signal: 10 msec. In this and the succeeding electrical records 
the arrows denote the time of application of the stimuli 

A. Before cocaine and yohimbine. B. After cocaine (S mgm. per kgm.) 
After cocaine and vohimbine (3.5 mgm. per kgm.) 


Bacq and Fredericg (1935a) reported two peculiarities of the mechanical 
responses of the nom. after 933F, which Monmer and Baeqg (1935) consider 
of great theoretical interest. The first of these peculiarities is that the 
relaxation curve sometimes does not decrease smoothly, but may be de- 
composed into two segments, one of sharp descent, then one of slower rate 
of decline, the latter showing occasionally even a transient rise. We have 
readily confirmed this observation, but find also that a similar curve of 
relaxation may appear in animals to which no 933F has been administered 
(fig. 2). Relatively high frequencies of stimulation (20 per second or more 
are favorable for the appearance of the phenomenon before 933k, while 
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relatively slow frequencies (3 to 10 per second) are 
933K. 

The second peculiarity reported by Baceq and Fre 
933F the contraction of the nom. to a series of 
sustained, i.e., an initial rise is shortly succeeded by a fall t 
of contraction, although the stimulus is regularly applied wit 
Os per second. We have not observed this failure tot 
traction. In no instance, whether the record was isotomni 
could we detect any significant difference in this Presper 
responses of the before and after 933k. As Orias (1932 


when high frequencies (e.g., 40 per second) of stimulation 


4 


Fig. 4. Eleetrie responses of the pilomotors (p.m A and 
C and D, 1 my 55mm. Time signal: 10 msec. intervals 
and break (b.) shocks applied ata frequency of 1 per see 

A. Before cocaine and 9331 Ist and 2nd m.andb. B. After cocaine 
kgm.) Ist and 2nd m.andb. C. Asin B, amplification increased Ist sme 
and b ID. After cocaine and 933F (3 mgm. per kgm.) Ist and 4thom 


glionic fibers are employed, the normal nom. fails to sustain its contraction, 
and slowly and smoothly falls to lower levels after relatively long pertod- 
of stimulation (2 minutes or more). We have observed precisely the san 
phenomenon after 933K, but have not been able to deteet any decline ot 
the responses with frequencies lower than LO per second. A possible ex 
planation for this discrepancy between Baeq and Frederieq’s observa 
tions and ours will be suggested in the discussion. 

As regards the electric responses of the nom. and the p.m., the component 
I is usually larger after 933F than before injection of the drag, and sus- 
tains its amplitude better when a series of shocks is applied at a slow tre- 
queney. The component IT is also sometimes increased by 9331 Whe 
duration of Lis not significantly altered by this drug (see table 1 \Ion- 
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nier and Bacq (1935) reported an increase in magnitude and a shortening 


of the duration of the “‘action potentials” of the n.m. after 933F. They 


did not discriminate, however, between the components T and IL (se« 
Lambert and Rosenblueth, 1935, for a criticism of these undiscriminating 
statements about “action potentials’). 


Figures 4 and 5 illustrate typies 
effects of 933F. 


ce. Cocaine. The increasing and lengthening effects of cocaine on the 


mechanical responses of the n.m. to adrenine, sympathin E from distant 


sources, and cervical sympathetic stimulation have been previously re 


ported (Rosenblueth and Cannon, 1932; Rosenblueth and Rioch, 19338 


big. 5. Magnitude of the electric responses of the nom. to series of stimuli at ; 
frequency of OS per sec. Ordinates: height of [in mim 
successive shocks (M, makes; B, breaks) 


out 


in the records Abscissae 


The same amplification was used throug! 


A. Dots: before cocaine Circles: after cocaine (S mem per kgm.) B Dots 


before 983F and cocaine. Circles: after 933F (8 mgm. per kgm.). Crosses: after 


933F and cocaine (S mgm. per kgm 


Monnier and Baeq (1935) state that the “action potentials’ of the 
nem. become longer and disappear rapidly on a series of stimuli after 
cocaine. Figures 3 and 4 show a marked decrease of Land IT in the nom 
and p.m. on repetitive stimulation (see also fig. 5). The duration of I, 
on the other hand, is not significantly altered by cocaine (ef. table 1 

When cocaine is injected after 933F the breaks in the relaxation curves 
deseribed above (b) become strikingly more prominent. 

d. Adrenine. Injections of adrenine (1 to 20) considerably depress 
the electric responses, Land I], of both the n.m. and the p.m. on stimulation 
of their nerve supply. This depression is transient and follows a time 
course Comparable to that of other effects of adrenine, e.g., the 
tions of the nom. 


contrac- 
The depression is increased by cocaine and decreased to 
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Fig. 6. Action of adrenine on the electric responses t 
and p.m. Ordinates: magnitude of Tin mm. in the records 
A. Dial. N.m At arrow, adrenalin (405) injected 


Cocaine Pom At arrow adrenalin (20 5) injected intras 


Fig. 7. Electric responses of the nom. to single cks 

A. Before 9331 } my oo mm The first) record 
injection of adrenalin The succeeding records 
sec. after the injection After 933F (2.5 mgn 
first record was obtained before the iyjection 


records were taken 30, 70, 120 and ISO sec 


Fig. S. kleetric responses of the p.m. ton ike upper rec 
records) shocks. The first) records (upper and lower) were obtai 
injection of adrenalin (20 5) The succeeding records were taken 1o 
and 300 sec. after the injection. The tension of the string was initia 
mv At the end of the series it Was 50 mm... which accounts part 


the last responses to attain the magnitude of the first 
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practical disappearance by vohimbine and 933F. Figures 6, 7 and S 
illustrate these effects. 

e. Preganglionic chronic denervation of the nom, After section of the 
cervical sympathetic chain and degeneration of the preganglionic fibers, 
the nm. becomes gradually sensitized to adrenine —1.e., the responses ot 
the chronically decentralized nom. are markedly greater than those of the 
acutely decentralized one (flhott, 1905; Hampel, 1935). 

This sensitization, similar in quality to that obtained by injections ot 
cocaine or by chronic postganglionic denervation, suggested the interest 
of investigating the responses of the preganglionically denervated nom 
(p.d.n.m.) on stimulation of its postganglionic nerve supply. Accord- 
ingly, in several cats the right cervical sympathetic chain was severed 
under aseptic conditions, and 2 to 40 days later electrodes were placed on 


hig. 9 Right cervical sympathetic (preganglionic) cut 9 days before. Dial 


Left cervical sympathetic cut. Upper tracings: left Lower tracings: right 
nem Time signal: 30 sec. intervals 

A. Before 933F Responses to adrenalin (2 ¥) and to a make and a break induce 
tion shock applied to both postganglionic nerves (coil distance 4 em.) B Injection 
of 933F (8 mgm. perkgm.). C. After 933F. Responses to adrenalin (20 7), toa make 
and a break induction shock applied to both postganglionic nerves (coil distance 
fem.), and to two pairs of shocks applied to the left postganglionic nerve 


the right postganglionic fibers and on the left pre- or postganglionic fibers, 
and the mechanical and electric responses of both n.ms. were studied 
comparatively. 

The mechanical responses of the p.d.n.m. are strikingly bigger and 
longer than those of the normal control. The difference is obvious when 
even single maximal shocks are applied to both sides (fig. 9A). Injec- 
tions of 933F elicit a persistent moderate contracture of the p.d.n.m., 
absent on the normal side (fig. 9B). Stimulation of the nerve supply now 
evokes smaller responses than before 933F, larger still, however, than on 
the normal control (fig. 9C). The contractions of the p.d.n.m. are longer 
after than before 933F, in contrast with the contractions of the normal 


n.m., Whose duration is not significantly or consistently changed by 933F 


(ef. Baeq and Frederieq, 1935a). 
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Injections of cocaine, before or after 933F, induce usually slight 
tractures of the p.d.n.m. Stimulation of the postganglionic supply 
933F and cocaine causes higher and shorter responses than befor 
All these results occurred after ligating the adrenals and crushing the right 
superior cervical ganglion, showing that these structures wer 
cerned with the effects recorded. 

The electric responses of the p.d.n m. resemble those of the cocaimized 


nm. (see c above), being smaller than on the normal control side 
declining rapidly after a short series of stimuli (fig. 10 Injections of 
933F and of cocaine have effects on the electrograms of the p.d.nom. similar 


to those exerted on the normal n.m. (sections 6 and « 


Fig. 10. Right cervical sympathetic (preganglionic) cut 40 days before 
responses of the two noms mv 36 mm Stimulation at a freque nev of poe 


sec. Time signal: 10 msec 

A. Left nm. Responses to the Ist and 2nd make shocks applied to the pre 
ganglionic nerve. B. Right nom. Responses to the Ist and 2nd make shocks applied 
to the postganglionic nerve 


f. Dicthylaminocthyloxrycymene (929F), The action of this drug on the 
inhibitory effeets of adrenine and splanchnic stimulation on gastric peri- 
stalsis was studied. Bovet and Maderni (1933) reported a suppression 
of the inhibition of the intestine of the dog by adrenine after injections of 
10 mgm. per kgm. of 929F. In the present study inhibition by adrenine 
of the cat’s gastric peristalsis was considerably attenuated, though not 
abolished by this drug (6 to 20 mgm. perkgm.). | Inhibition by stimulation 
of the splanchnies, on the other hand, was only slightly decreased after 
929F. Figure 11 illustrates this relative differential effect of 9295 

Discussion, The theory of a dual mode of excitation of smooth musele 
as stated by Monmier and Baeq (see introduction) does not discerimiuinate 
between the transmission of the nerve impulse and the initiation of con 
traction. Aecording to the chemical theory (see Cannon and Rosenblueth, 


1933), the nerve action-potential is the stimulus for the liberation of the 


422 4. ROSENBLUETH AND W. B. CANNON 


chemical mediator; this mediator combines with the receptive substance 
the compound thus formed activates contraction, The potentials I, I] 
and IT] may be correlated with some of these steps (see tosenblueth, 
Davis and Rempel, 1936). Monnier and Baeq do not make clear what 
steps they assume when they postulate the electrical transmission. — It 
appears, however, that the sequence they conceive is the following: nervy 
action potential > muscle action potential (I or see Lambert) and 
Rosenblueth, 1935) —> slow depolarization (ITT in our nomenclature, ¢t 
Bacg and Monnier, 1935) — contraction. 

A clear statement of all the assumptions made is indispensable for a 
criticism of any theory. Since Monnier and Baeq have not made then 
assumptions explicit, we shall have to base our discussion on the Interpre- 
tation just developed. 


Fig. 11. Urethane (1 gram per kom.) Effects of stimulating the right major 
splanchnic nerve (tetanizing frequency, coil distance 10 em. ) and of injecting idren- 
alin (5 4) on gastric peristalsis Time signal: 30 sec. intervals 

A. Before 9291 B. After 929F (6 mgm. per kgm.) 


The dual theory does not account reasonably for the following experi- 


mental data. When cocaine is injected after vohimbine or 933F the 
mechanical responses of the nm. to a given dose of adrenine, although 
increased by cocaine, may remain considerably reduced as compared to 
those obtained before 933F. © Monnier and Baeq postulate that the action 
of the chemical mediator is depressed by 9331 as much as that of adrenine ; 
the responses to nerve stimulation, therefore, should be due in these con- 
ditions mainly to the action potentials. But, while the mechanical re- 
sponses are increased by cocaine, the action potentials, both [ and TI, 
are in fact reduced (section ¢). 

Furthermore, Baeq and Fredericq (1935a) report that, when cocaine 
is injected after 933F, the increase of the mechanical responses of the nom 
to stimulation of the cervical sympathetic is quantitatively identical with 
the increase of the responses to adrenine. Since cocaine reduces the ac- 


tion potentials, however, this identity of increment fails to be explained 


"| 
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by the assumption that, before cocaine, the responses to the nerve 
pulses occur as a direct effect of the action potentials 

After ergotoxine, the electric responses of the p.m. are practically nor- 
mal (Rosenblueth, Leese and Lambert, 1933), while the mechanical re- 
sponses disappear. The muscles do not go into contracture, for the hai 
do not erect. There is no ready explanation for the failure of the a 
potentials to evoke contraction, if they are direct physiological stimuli 

The reduction of the action potentials by adrenine (section d) is again 
a fact difficult to reconcile with the dual theory. General biological 
principles would lead us to expect that two physiological stimuli which 
act in the same direction would be synergistic, not antagonistic. 

The main argument offered by Monnier and Bacq for their dual theory 
is the paralyzing effect of 933F on the responses of the n.m. to adrenine 
and its relatively minor action on the responses to stimulation of the 
sympathetic supply. The effects of 929F on the inhibition of gastric 
peristalsis are similar, however, to those of 933F on the n.m. (section f 
If we were then to apply a similar reasoning we should come to the con- 
clusion that action potentials in the stomach (which have not been demon- 
strated in response to splanchnic stimulation) are partly responsible for 
the inhibition. Aside from the improbability of such a view, the explana- 
tion would not satisfy Monnier and Bacq’s specification that the action 
potentials are only present and act as effective stimuli in non-iterative 
systems—i.e., systems which respond to single volleys of nerve impulses 
for the splanchnic-stomach system may be iterative, since no responses 
have been demonstrated to single stimull. 

When the sympathetic supply of the n.m. or p.m. is stimulated at fre- 
quencies higher than 15 per second, after a few shocks have been applied 
no action potentials are demonstrable (cf. Rosenblueth, Davis aiid Rempel, 
1936). This effect occurs also after 933F. Since in this case, according 
to Monnier and Bacq, the sole stimulus effective is the action potential, 
the n.m. should relax after a few stimuli, but it does not; indeed, the ten- 
sion is well maintained throughout stimulation (section b). 

Stress is laid by Monnier and Bacq on the shortening of the mechanical 
responses of the n.m. after 933F as an argument in favor of the rdéle of 
the action potential as a stimulus. But in the present study we failed to 
obtain consistently this shortening and found instead 933F lengthening 
the twitches of the p.d.n.m. (fig. 9). 

Other arguments offered by Monnier and Bacq in favor of their dual 
theory are the following. They attribute the complex relaxation curves 
they observed after 933F (see section b) to an initial rapid subsidence of 
the part of the contraction due to the action potentials, and the slow pro- 
tracted component to the more persisting effects of the chemical mediator. 
We have pointed out (fig. 2) that a complex relaxation curve may occur 
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without 933F. Such a relaxation should therefore not be attributed to 
the hypothetical depression of the action of the chemical mediator by 
933F. Furthermore, when these complex relaxation curves appear, with 
or without 933F, there are not only changes in the rate of a continuous 
relaxation, but the sharp initial fall may be succeeded by a delayed rise 
in the mechanical record. The explanation of Monnier and Bacq would 
then lead us to postulate that larger amounts of chemical mediator are 
produced long after the nerve impulses have ceased, a view which is quite 
unlikely. 

Monnier and Bacq attribute to Wedensky inhibition the decline in the 
mechanical response during continued stimulation at low frequencies (3 


TABLE 1 
Average latencies and durations of the ascending phase of potential I in milliseconds for 
the nictitating membrane and pilomotors 

The total duration was not measured since it is usually impossible to determine 
the end of I, as II may begin during I. The figures are given only for the cases in 
which a sufficient number of observations were made to justify drawing an average. 
The margin of error of these averages is approximately 5 and 10 msecs. for the laten- 
cies and durations, respectively. Since the latency of the pilomotors varies with the 
distance of the recording muscles to the stimulating electrodes, it was only measured 
in experiments involving standard uniform conditions. 


| 
| 
| 
| 


NICTITATING MEMBRANE 


| PILOMOTORS 
Preganglionic Postganglionic 
stimulation | stimulation 


| | Ascend- | | Ascend- | | Ascend- 
Latency | ing Latency ing | Latency ing 
phase | phase | phase 


Normal | 34 «+354 8 33 120 71 
After 933F 38 | 28 36 123 | 64 
After cocaine.. 127 76 


to 10 per second) after 933F which Bacq and Fredericq (1935a) reported. 
They next argue that Wedensky inhibition is a proof of an electric trans- 
mission. We have been unable to confirm this decline at low frequencies 
(p. 418). Bacq and Fredericq do not mention any precautions to elimi- 
nate movements of the eye (see Rosenblueth and Bard, 1932) which may 
occur and artifactually alter the isotonic records of the n.m. It is possible 
that such an extraneous factor may have been responsible for the quite 
atypical record they reproduce (fig. 6 in their paper). 

A final argument adduced by Monnier and Bacq in support of their 
dual theory is that 933F, which would increase and shorten the action po- 
tentials of the n.m., favors the appearance of mechanical responses to 
single shocks applied to the cervical sympathetic. We have failed to con- 


SMOOTH MUSCLE EXCITATION 


firm any significant shortening of I after 933F. Indeed, our data (table | 
show the fallacy of deriving any conclusions from the duration of the 
action potentials, when the preganglionic fibers are stimulated, for the 
ganglion obviously introduces a temporal dispersion of the efferent post- 
ganglionic impulses, as shown by the significant differences in the durations 
of the responses to pre- and to postganglionic stimulation. We have also 
failed to confirm the favorable action of 933F on the appearance of re- 
sponses to single shocks. Invariably all the mechanical responses, whether 
to single or to repetitive stimuli, applied to either the preganglionic or the 
postganglionic fibers, were smaller after any dose of 933F than before the 
injection of the drug (section 6). 

The latencies of the electric responses of the n.m. and the p.m. after the 
nerve impulses have reached the muscles are at least 20 and 60 msec., 
respectively (Rosenblueth, Davis and Rempel, 1936), and are not signifi- 
cantly altered by 933F (table 1). These neuromuscular delays can not 
be explained reasonably if the nerve action potential directly activates the 
muscular electric response, while they are readily accounted for if they are 
assumed to represent the period of production of the mediator (Rosen- 
blueth, Davis and Rempel, 1936). 

Having thus shown that the dual theory of Monnier and Bacq fails 
to account reasonably for several experimental data, it remains to inquire 


whether these and other data available may be explained exclusively in 
terms of a chemical mediation. 


The following assumptions are generally accepted: that the permeability 
of cells is inversely proportional to the polarization; and that the spike 
action potential (I in our nomenclature) is directly proportional to the 
polarization (ef. Lillie, 19382; Dubuisson, 1935). <A histological fact of 
capital importance from the standpoint of this discussion is that autonomic 
nerves distributed to smooth muscle may frequently end inside, not out- 
side the muscle cells (see Cannon, 1933, for references). 

On the basis of these data and assumptions the experimental facts may 
be explained as follows. Drugs which make certain smooth muscle cells 
less permeable will antagonize the responses to adrenine or other sub- 
stances injected into the blood stream, because these substances will not 
be able to enter the muscle cells, therein to become effective. Stimula- 
tion of the autonomic nerve supply, on the other hand, may still be capable 
of eliciting a response, when the chemical mediator is produced inside the 
cells. The actions of yohimbine and 933F, discussed above, may thus be 
accounted for by a decrease in permeability and an increase in polariza- 
tion. This view is in accord with the explanation offered by Dale and 
Gaddum (1930) for the similar effects of atropine. Indeed, when injected 
adrenine fails to evoke contractions of the n.m. after 933F, there is no 
evidence that the hormone reaches the muscle cells. A decreased per- 
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meability of some blood vessels might oppose the diffusion of the hor- 
mone into some tissues. 


The other actions of 933F on the n.m. are in agreement with this ex- 
planation. Thus the spike action-potentials (I) of the n.m. and the p.m. 
are enhanced (section 6). Similarly yohimbine increases the spike poten- 
tials (section a). 

It has been suggested (Rosenblueth and Morison, 1934) that cocaine 
increases the responses of smooth muscles to adrenine and sympathin 
because it makes the cells more permeable to these substances. In keeping 


with this suggestion is the decrease of the spike potentials of the n.m. and 
p.m. (section c), which occurs after cocaine. 

The increased responses of the n.m. to adrenine, drugs and ions, which 
appear after denervation (see Hampel, 1935, for references) could also be 
explained as due to an increased permeability of the denervated cells. 
The decrease of the spike potentials in the p.d.n.m. (section e) is in accord 
with this suggestion. 

The decrease of the action potentials of both the n.m. and the p.m. 
induced by adrenine (section d) deserves special consideration. In the 
n.m. adrenine evokes a contraction; the responses to the nerve impulses 
and those to adrenine, however, sum freely (Rosenblueth and Rioch, 
1933a). In the pilomotors, on the other hand, adrenine does not as a rule 
evoke contraction, as is well known, although, after cocaine, adrenine (in 
the doses employed in these experiments) evokes slight transient erections 
of the hairs (unpublished observations). These data lead us to infer that 
the reduction of the action potentials of the n.m. is not a consequence of 
the contractions (ef., p.m. without cocaine). We may then assume that 
adrenine, like cocaine and denervation, depolarizes smooth muscle, making 
it more permeable. Such an assumption furnishes an explanation for the 
sensitization to injected adrenine of the dilator muscle in the iris when 
adrenine is instilled in the conjunctiva (Schlossberg, 1932; and Sawyer 
and Schlossberg, 1933). 

This hypothesis affords also an explanation for the behavior of the 
action potentials of the n.m. and p.m. on repetitive stimulation (ef. Rosen- 
blueth, Davis and Rempel, 1936). As the frequency of stimulation in- 
creases, the action potentials of both n.m. and p.m. decrease rapidly after 
a few shocks have been applied to the nerve. This decrease would be a 
consequence of the depolarization caused by the locally liberated adrenine- 
like chemical mediator (see Cannon and Rosenblueth, 1933). 

That adrenine may influence the polarization of cell membranes has 
been shown by Monnier and Dubuisson (1934), and Osterhout and Hill 
(1935). The prevention of the decreasing effect of adrenine by 933F 
(section d) is readily explained by the polarizing action of the latter (see 
above). 
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In table 2 the results discussed in this paper are summarized. If we 
interpret the changes in the mechanical responses to adrenine as due to 
changes in permeability, as suggested above, we may infer inverse chang 
in polarization (table 3). The correspondence between the changes in the 
action potentials (table 2) and the inferred changes in polarization (table 
3) support the assumption that the former may be used as an index of the 
latter. 

The increased mechanical twitches of the p.d.n.m. as compared to the 
normal n.m. (section e) may be explained by either of the two following 


TABLE 2 
Summary of results 


The signs have the following significance: +, increase; —, decre: 


pearance 


MUSCLE ACTION MECHANICAL RE- MECHANICA! 
POTENTIALS SPONBE TO NERVE RESPONSE TO 
IANDII STIMULATION ADRENINE 


NM P.M NM PM NM P.M 


Yohimbine 
933F 
Cocaine 

Adrenine 

Preganglionic denervation 

Ergotoxine 


TABLE 3 
PERMEABILITY | POLARIZATION 


Yohimbine 

933F 

Cocaine 

Adrenine 
Preganglionic denervation 


mechanisms. Assuming that denervation has increased the permeability 
of the muscle (see above) and bearing in mind the histological evidence 
that only a slight fraction of the total number of cells in the muscle are 
innervated (see Cannon, 1933, for references), we may conclude that the 
diffusion of the chemical mediator from the innervated cells to the non- 
innervated neighboring elements (cf. Rosenblueth and Rioch, 1933b) 
would occur more readily after than before denervation. For the com- 
bination of the mediator M with the receptive substance E to form the 
active compound ME (Cannon and Rosenblueth, 1933), the greater dif- 
fusion after denervation is tantamount to an increase of the FE available 


$27 
; disap- 
+ - 
+ 
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for combination with M. According to the mass-action law the amounts 
of ME formed for the same amounts of M liberated would then be greater 
after than before denervation. The second assumption which may ac- 
count for the greater twitches of the p.d.n.m. is that larger amounts of 
M are liberated per nerve impulse. It is likely that both factors play a 
role. Finally, since the responses are more prolonged after denervation, 
it is probable that the denervated muscle is less capable of destroying 
adrenine (M) than the normal tissue. Similarly, cocaine may prevent 
the destruction of adrenine, hence the more prolonged responses after 
this drug (cf. Rosenblueth and Morison, 1934; Bacq and Bovet, 1935). 


SUMMARY 


The action of yohimbine, 933F, cocaine and adrenine on the electric 
and mechanical responses of the nictitating membrane and tail pilomotors 
of the cat to stimulation of their sympathetic nerve supply is described 
(sections a, b,c and d). The effects of chronic preganglionic denervation 
of the nictitating membrane on its electric and mechanical responses are 
reported (section e). The influence of 929F on the inhibition of gastric 
peristalsis by adrenine and splanchnic stimulation is analyzed. 

From this evidence it is concluded that certain substances (e.g., cocaine 
and adrenine) and chronic decentralization depolarize smooth muscle, 


rendering it more permeable (pp. 427-428), while other substances (e.g., 
yohimbine and 933F) increase the polarization and decrease the permea- 
bility (pp. 426-428). 

It is further concluded that there is no electrical transmission of the 
nerve impulses to smooth muscle (p. 426) and that the theory of chemical 
mediation accounts satisfactorily for the data available. 
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This communication is concerned with the effect of adrenal cortical 
hormone upon the internal shift of body water induced by sodium and 
chloride depletion in intact and adrenalectomized dogs. The work is 
based upon the observations of Darrow and Yannet (1935) and Gilman 
(1934). Accérding to their interpretations, the altered water distribution 
induced in normal dogs by intraperitoneal glucose injections followed by 
paracentesis, is due to a shift of extracellular water into the body cells, 
producing dehydration of extracellular fluids. This water shift is a result 
of depletion of extracellular electrolytes unaccompanied by loss of body 
water, and the concomitant reduction in the osmotic pressure of the extra- 
cellular fluid. A direct consequence of this upset in osmotic equilibrium 
and shift of fluids into intracellular compartments, is a great decrease in 
blood volume, arterial pressure and increase in hemoconcentration. The 
fluids so shifted are osmotically held within the cells owing to the higher 
concentration of intra- to extracellular electrolyte and are thereby rendered 
unavailable (only temporarily so in the dog with intact adrenal glands, 
according to our data) to the animal in so far as a reverse transfer across 
the cell membrane for blood diluting purposes is concerned. 

We are particularly concerned in the following experiments with the 
action of the adrenal cortical hormone in releasing the osmotically bound 
intracellular fluids in the adrenalectomized dog lacking reserve hormone, 
and the réle which the intact adrenal glands play in the sodium and 
chloride depleted animal. 

MATERIAL AND METHODS. Strong healthy dogs, table trained for blood 
pressure determinations were used. Blood samples were taken directly 
from the femoral artery and the following methods employed: Blood pres- 
sure, Parkins (1934); serum sodium, Butler and Tuthill (1931); serum 
chlorides, Van Slyke and Sendroy (1923) as modified by Eisenman (1929) ; 
hemoglobin, Newcomer; cell volume, sealed capillary tubes centrifuged at 
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20,000 times gravity; the heights of the columns of blood and cells were 
measured with calipers. The animals were injected intraperitoneally with 


either 100 ec. or 50 ec. of 5.5 per cent glucose per kilogram of body weight, 
the amount depending upon the nature of the experiment. After an 
interval a paracentesis was performed and an amount of fluid equivalent 
to that injected was withdrawn using the method previously described 
(Parkins, Taylor and Swingle, 1935). The ascitic fluid was analyzed for 
sodium and chloride and the blood pressure again determined. In the 
hemorrhage experiments which are similar to those of Gilman (1934), the 
dogs were bled 10 ce. per kilogram over a period of 30 to 60 minutes and 
the arterial pressure subsequently recorded every few hours 

Effect of sodium and chloride depletion in the intact animal. Table 1 
illustrates depletion of the body sodium and chloride following intraperi- 
toneal glucose injection. 

Within a short period, 3 to 5 hours in these experiments, approximately 
the same quantity of fluid can be recovered from the peritoneal cavity as 
originally injected. However, it now contains large quantities of sodium 
and chloride, etc., and is apparently similar to extracellular fluid 

It is a curious fact, first noted by Darrow and Yannet (1935), that de- 
spite the evident dehydration, these dogs do not drink water during the 
first 12 to 18 hours after paracentesis. 

Blood changes. able 2 shows the changes in serum sodium and chloride 
and hemoconcentration resulting from the shift of body fluids from blood 
stream and extracellular compartments to the tissue cells owing to the 
decreased osmotic pressure of the extracellular fluids. This is assumed 
to be primarily a result of sodium depletion, since sodium is the chief 
cation of the extracellular fluids. 

Effect of hemorrhage upon blood pressure following sodium and chlorid: 
depletion. Loss of ability to dilute the blood, i.e., maintain the normal 
fluid distribution, is one of the outstanding features of the adrenalectomized 
dog. The animal is thus rendered extremely sensitive to small blood loss 
(Swingle, Pfiffner, Vars and Parkins, 1934a) and a slight hemorrhage which 
in the presence of intact adrenals would be negligible, leads to serious con- 
sequences. The entire loss must be borne by the circulating volume alone 
since compensation by shift of fluid to the blood stream does not occur in 
the absence of the hormone. The essential data relating to sensitivity of 
the intact dog to slight hemorrhage after sodium and chloride depletion 
by glucose injections are shown in table 3. We can confirm Gilman’s 
(1934) observations that normal dogs subjected to these procedures are 
sensitive to small blood loss. 

The animals were bled 10 cc. per kilogram of body weight, the blood 
being taken from the femoral artery. It will be noted that the blood pres- 
sure fell to shock levels. Similar sized, intact dogs, not depleted of so- 
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dium and chloride require a far greater loss of blood for equivalent reduc- 
tion in arterial pressure. However, we are unable to confirm Gilman’s 
statement that the sodium- and chloride-depleted dog subjected to slight 


TABLE 1 


Sodium and chloride depletion by intraperitoneal injection of isotonic glucose 


| | |TIME INJEC- | 

.UID 7M OTAL 4 

poa | | GLUCOSE | FLUIT | TION TO SODIUM T I CHLORIDE TOTAI 


RECOV- N AS Cc SODIUM N AS c 0 
WEIGHT PARACEN- IN ASCITI IU I CITI HLORIDE 


NUMBER | INJECTED | | } 
— | —_ | ERED | TESIS FLUID REMOVED FLUID | REMOVED 


15.1 1,500 | 1,525 | 225 | 936 | 143.2 86.6 | 132.1 
10.0 | 1,000 | 950 | | 104.0 98.8 | 104.0 | 98.8 
1.4 | 1,140 | 1,190 | 93.7 111.5 83.2 99.0 


TABLE 2 


Blood changes following sodium and chloride depletion by intraperitoneal glucose 


SERUM CHLORIDE Hb CELL VOLUME 
DOG 
NUMBER | 


After para-| | After para-| After para 

Ne | Normal | * 

centesis ormal | centesis ormal centesis 


| After para- 


| centesis Normal 


| 

| 
Normal | 
| 


SERUM SODIUM 
| 
| 


rams ams per 
m.-€q | m.-eq | m .-€q 


ver cent er cer 
| per cent cent ut 


8.4 | 40.7 | 54. 
40 | 48.0 | 62. 
3.4 | 43.5 | 65 


130.0 | 115.8 | 95.4 13.4 1 
129.2 | 113.8 | 96.1 | 15.7 2 
123.5 | 110.8 | 87 15.4 2 


TABLE 3 
Effect on blood pressure of altered water distribution due to sodium and chloride depletion 
and subsequent hemorrhage 


| BLOOD 

| |DURATION | PRESSURE 
poac_ | | HEMOR- | OF | 48 HoURs | 

NUMBER | After | After RHAGE | HEMOR- | AFTER 

| Normal | paracen- | hemor- | RHAGE | HEMOR- | 

tesis rhage | RHAGE 


BLOOD PRESSURE | 


REMARKS 


cc. per 
kgm 


| 108 | s2 | 66 | 923 | | Normal. 24 hours 


mm. Hg | mm. Hg mm. Hg | minutes 


106 | 8 | 56 | 10.0 8 | Appears normal 


110 | | 47 | 10.0 | | Appears normal 


100 ) 54 | 6.5 Normal. 24 hours 
98 | | 50 | 10.0 | | Appears normal 


hemorrhage (5.6-7.4 ce. per kgm. in his experiments) usually dies unless 
injected with salt. He assumes that the sodium- and chloride-depleted 
dog is comparable to the adrenalectomized animal not receiving extract. 
However, it has been our experience that depletion of sodium and chloride 


l 
2 
3 
l 148.5 l 
2 143.2 3 
3 144.0 5 
—— 
2 
3 
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in dogs possessing adrenal glands induces merely a temporary loss of 
diluting ability by shifting the extracellular fluids to intracellular spaces 
owing to fall in osmotic pressure of extracellular fluid. The normal dog 
invariably spontaneously recovers from the “depletion”? plus hemorrhage 
of 10 ce. per kilogram. The adrenalectomized dog, equally healthy and 
vigorous lacks diluting ability, and dies following an intraperitoneal in- 
jection of only 50 cc. of glucose per kilogram of body weight, unless cortical 
hormone is administered or concentrated salt injected. 

Effect of intraperitoneal glucose (50 ce. per kgm.) on healthy vigorous 
adrenalectomized dogs receiving maintenance doses hormone, similar animals 
primed with large doses hormone, and the intact dog. The significant data 
from this series of experiments (14 experiments) are given in table 4. The 
adrenalectomized dog on a maintenance dose of hormone is extremely 
sensitive to glucose injections. The arterial pressure steadily falls, the 
blood concentrates, and the typical picture of dehydration and shock ap- 
pears. Such animals die unless injected with adequate amounts of corti- 
calhormone. (Table 4A.) The particular animal referred to in the table 
was revived from shock and collapse with extract. No food was given for 
four days but water was allowed ad libitum. During this interval the 
serum sodium and chloride remained at the levels observed when the 
animal was prostrate, but all symptoms disappeared and normal activity 
and vigor returned. At the end of the four days of starvation the animal 
was again placed on the usual laboratory diet; the serum electrolytes 
slowly rose to their normal levels over a period of several days and all 
evidence of hemoconcentration disappeared. 

Table 4B shows the effect of priming the adrenalectomized dog with large 
doses of hormone before intraperitoneal glucose administration. Three 
hours previous to receiving the glucose, the animal was injected with 3 ce 
of cortical hormone per kilogram of body weight. This is the usual 
resuscitation dose used when the animals are in collapse and shock. The 
data reveal clearly that animals so treated react to the glucose injections 
in a manner very similar to that of the dog possessing adrenal glands 
Both types of animal show hemoconcentration and some decline of blood 
pressure. (Table 4C.) The animals primed with hormone quickly dilute 
their blood by redistributing the body fluids and recover. The adrenalec- 
tomized dog on maintenance doses of hormone must receive additional 
hormone to dilute and return to normal. Compare A, B, C and D, table 4. 

It will be observed that in the experiments on priming and similar experi- 
ments on the intact dog, table 4B and C, the injected glucose was not 
withdrawn but left within the peritoneal cavity. In the following experi- 
ment (table 4D) the adrenalectomized animals were subjected to the 
same depletion procedure except that priming doses of extract were not 
given. The animals were on the usual maintenance dose of hormone, 
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TABLE 4 
Changes in serum sodium, chloride, arterial pressure and hemoconcentration in healthy, 
vigorous adrenalectomized and unoperated dogs following intraperitoneal injection 
of tsotonic glucose (50 cc. per, kgm.) 


REMARKS 


PRESSURE 
PULSE PER 

MINUTE 
SERUM SODIUM 

CHLORIDE 
CELL VOLUME 


BLOOD 
SERUM 


A. Adrenalectomized. 


89—8.4 kgm. Maintenance hormone. Paracentesis 


hours | m.-eq m.-eq. | grams ast 
12/19/35 | 11:30 a.m. | | 68 | 138.8} 110.0} 12.5) 36.4) Normal. Glucose in- 
jected 
12/19/35 | 10:15 p.m. | | 160 | 129.1] 97.8) 17 50.4) Collapse. Extract in- 
| | jected 
12/22/35 | 11:15 a.m. | | 88 | 130.6) 100.4) 16.0) 40.5) Active. No food 


12/24/35 | 10:00 a.m. 84 127.1} 101.4) 15 37.5| Normal. No food 


1/ 2/36 | 10:30 a.m. | % 80 | 135.4) 114.2} 13.5) 40.6 Normal. Full ration 


B. Adrenalectomized. Dog&8?—7.9kgm. Primed withhormone. No paracentesis 


2/ 2/35 | 1:00 p.m. 80 | 139.0) 114.0; 9.9 36.6} Normal. Glucose in- 
| jected 
2/35 | 4:00 p.m. | 124 | 127.4) 101.2] 10.9) 39.1) No symptoms 
7:00 p.m. | § | 136 | 125.3) 100 11.8) 41.2; No symptoms. Hor- 
| mone injected 
| 10:00 p.m. 3 | 1380 | 128 2) 11.3) 40.0) No symptoms 
| 11:00 a.m. ¢ 88 | 131.3} | 10.7) 34.6) No symptoms 
| 11:00 a.m. 9: 84 | 137 2.2) 8.9) 29.8) No symptoms 
3:00 p.m. | 93 | 76 | 138 9.5) 30.0. No symptoms 


C. Unoperated. Dog 6¢7—13.4 kgm. No paracentesis 
10:00 a.m. | 106 | 72 | 140.8) 113 15.1| 45.4) Normal. Glucose in- 
| jected 
2:15 p.m. | 88 | 100 | 133.6) 102.4) 19.0) 58.0 No symptoms 
5:15 p.m. | 90 | 112 | 132.3) 99.2) 19.5) 61.2 No symptoms 
8:15 p.m. | 102 116 | 134.6; 101.6) 17.9) 55.7) No symptoms 
| 10:00 a.m. | 110 | 92 | 138 7| 107 | 12.6) 43.5) No symptoms 
| 10:45 a.m. | 108 80 | 140 6) 113.0} 11.9) 37.9 No symptoms 


D. Adrenalectomized. Dog 89—7.8 kgm. Maintenance hormone. 
No paracentesis 


11/22/% 


11:l5a.m./ 95 | 68 | 139.6) 113.8] 11 5| 37.7; Normal. Glucose in- 
| jected 

11/22/% :35 p.m. | 92 | 160 | 131.5, 107.4) 13.7) 45.9) No symptoms 

11/22/38 :30 p.m. | 80 |) 160 | 131.2) 106.2) 15.2) 48.5) Symptoms 

11/22/35 | 8:30 p.m. | 38 | 144 No samples taken | Collapse. Hormone in- 


} 
| jected 


11/22/35 | 10:30 p.m. | | | 132.3) 105.8) 15.0) 48.2) Prostration 
11/27/35 | 10:00 a.m. 88 | 138 2| 115 8) 9 3| 30.8) Normal 
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12/ 4/35 
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12/ 4/35 

12/ 4/35 

12/ 5/35 

12/ 6/35 
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0.2 to 0.5 ec. per kilogram daily. This dose was omitted the day of the 
experiment. A few hours after glucose injection, the animals were in 
collapse and verging on death and it was necessary to inject large doses of 
cortical hormone (3 cc. per kgm. daily) in order to save them. Despite 
the fact that the peritoneal cavity of these animals was filled with fluid, 
and their cells extensively hydrated, they were unable to draw upon or 
make use of any of these stores. This condition of affairs is just the re- 
verse of that occurring when the same animals are primed previous to the 
glucose administration and subsequently injected with adequate cortical 
hormone. We have yet to observe a healthy, vigorous, adrenalectomized 
dog recover from the shock and collapse which follow the intraperitonea! 
injections of glucose, unless injected with either large doses of cortical 
hormone or sodium chloride. It does not matter whether the ascitic fluid 
in the depletion experiments is eventually removed by paracentesis or 
left within the peritoneal cavity of the adrenalectomized dog, since the 
animals are unable to utilize this fluid and electrolyte in the absence of 
hormone. 

The healthy, vigorous adrenalectomized dog injected intraperitoneally 
with 50 ec. per kilogram of isotonic glucose and thereby thrown into shock 
and collapse, can be revived in dramatic fashion by intravenous injection 
of concentrated sodium chloride solution (30 per cent) containing an 
amount of salt equivalent to that removed by paracentesis in the ascitic 
fluid. The arterial pressure rises to normal from shock level (48 mm. Hg), 
within a few minutes. The animal rapidly recovers his strength and vigor 
and remains in normal condition for some time. During the ensuing 24 
to 36 hours the blood pressure slowly falls. The recovery of these animals 
intravenously injected with salt is in striking contrast to the same type 
of animal prostrate and in collapse from exactly the same treatment but 
with the sodium and chloride in the ascitic fluid within the peritoneal! 
‘avity. The intravenously injected dog revives, whereas the animal with 
the same amount of salt in the ascitic fluid of the peritoneal cavity dies 
unless injected with cortical hormone. 

The dog with intact adrenals suffers little ill effect from the glucose in- 
jections. The internal fluid balance is temporarily disturbed but the 
animal’s own glands appear to bring about normal fluid distribution spon- 
taneously. The majority of such animals do not exhibit symptoms fol- 
lowing 50 cc. per kilogram injections. (Table 4C.) 

Discussion. It is obvious from the experimental data that conditions 
in adrenal insufficiency are strikingly similar to those occurring in the 
healthy, vigorous, adrenalectomized animal depleted of sodium and chlo- 
ride by intraperitoneal glucose. The two types of animal are physiologi- 
-ally comparable. They exhibit identical symptoms, similar changes in 
hemoconcentration, circulating fluid volume, arterial pressure and altera- 
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tions in the distribution of body water. Both lack ability to dilute the 
blood, i.e., redistribute the tissue fluids and both react in dramatic fashion 
to injections of cortical hormone. 

In previous publications (Swingle, Pfiffner, Vars, Bott and Parkins, 
1933, 1934a, b, c, d,e; Swingle and Parkins, 1935; Parkins, Taylor and 
Swingle, 1935) the writers have insisted that the dehydration and shock 
symptoms exhibited by the dog in adrenal insufficiency are chiefly due to 
a profound disturbance in the distribution of body water. The fluids 
shift from the blood stream into the tissues and are immobilized. The 
tissues imbibe unusual quantities of fluid at the expense of the circulating 
volume with consequent decrease in blood volume, arterial pressure, in- 
creased hemoconcentration and eventually complete circulatory collapse. 
This fluid loss can not be regained by the dog lacking adrenals and not 
supplied with hormone. Such animals have lost the ability to compensate 
by withdrawal of tissue fluid, and to dilute the inspissated blood and re- 
build a normal circulating volume. 

Loeb et al. (1933, 1935) and Harrop et al. (1933), maintain that the 
syndrome of adrenal insufficiency is due to wastage of fluid and salt to 
the exterior of the body by way of the urine. The kidney is assumed to be 
under hormonal control, and in the absence of the adrenal cortex loses its 
regulatory function in so far as the excretion of salt and water are con- 
cerned. These investigators would account in this way for the hemocon- 
centration and dehydration symptoms so characteristic of adrenal insuffi- 
ciency. The writers agree that the animals do, to some extent, waste 
water and salt through the kidney, but maintain that the fluid loss in 
the urine is by no means of sufficient magnitude to induce the degree of 
dehydration and decrease in circulating volume which occurs. Fluid 
wastage by the kidneys does not occur in the “glucose’”’ dog, and in our 
opinion, plays a minor role in the syndrome of adrenal insufficiency. 

SUMMARY AND CONCLUSIONS 

1. The intact dog depleted of sodium and chloride is sensitive to small 
blood loss subsequent to glucose injections and removal of ascitic fluid. 
Such animals recover without difficulty from hemorrhage of 10 cc. per 
kilogram. Restoration of the lost electrolytes is unnecessary for the re- 
vival of these animals. 

2. The sodium and chloride-depleted intact dog is not strictly compa- 
rable to the healthy, vigorous, adrenalectomized animal subjected to similar 
depletion, or to the animal in adrenal insufficiency. The two latter types 
invariably succumb unless injected with adequate hormone since they 
lack adrenals, hence have permanently lost the ability to redistribute 
body fluid. The dog possessing glands suffers merely a temporary loss of 
diluting ability, and spontaneously recovers. 
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3. The adrenalectomized dog prostrate from insufficiency is the phy 
ological counterpart of the adrenalectomized dog in collapse followin 
intraperitoneal glucose injections. Both types of animal lack ability to 
dilute the blood, i.e., to release the excess fluids osmotically held 
the tissue cells, and redistribute them to the extracellular spaces and blood, 
and both revive in dramatic fashion when injected with hormone. 

4. The healthy, vigorous, adrenalectomized dog, if primed with large 
doses of cortical hormone previous to intraperitoneal glucose injection re- 
mains free from symptoms. ‘The serum sodium and chloride decline to 
the levels characteristic of the non-primed animal in collapse. However, 
in the presence of adequate hormone the animals quickly dilute their blood 
and redistribute the body fluids in normal fashion. 

5. The adrenalectomized dog in collapse as a result of sodium and 
chloride depletion by glucose injections, can be revived and restored to 
normal health and vigor temporarily, by a single intravenous injection of 
30 per cent sodium chloride solution, the total amount of salt representing 
that quantity removed in the ascitic fluid by paracentesis. The same dog 
depleted of sodium and chloride in similar fashion, but with the ascitic 
fluid and its contained sodium and chloride left within the body cavity, 
dies from circulatory collapse unless injected with cortical hormone. 
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In a recent paper (Parkins, Taylor and Swingle, 1935) brief mention was 
made of the fact that the adrenalectomized dog exhibiting severe dehydra- 
tion and shock, either from adrenal insufficiency or as a result of intraperi- 
toneal glucose injections, can be revived from prostration and restored to 
normal by hormone injections, with little or no change in the concentrations 
of serum sodium and chloride. It occurred to us that if the animals could 
be maintained for long periods with low levels of these electrolytes and ob- 
served through complete cycles of adrenal insufficiency and recovery, they 
would prove ideal material for study of the relation of the cortical hor- 
mone to the distribution of body water. It was with this object in view 
that the following experiments were undertaken. 

MATERIAL AND METHODS. The adrenalectomized dogs employed were 
healthy, vigorous animals at peak weight. They had been bilaterally 
adrenalectomized six months previous, and maintained in normal health 
by adequate daily injections of cortical hormone. The intact animals 
were strong, active mongrels kept for six weeks in the laboratory before 
using so as to adjust them to the laboratory environment. The methods 
used have been repeatedly referred to in earlier papers of this series. In 
the sodium-chloride-depletion experiments on the intact dog, unless other- 
wise stated, the animals were injected intraperitoneally with 100 cc. of 
isotonic glucose per kilogram of body weight. After 3 to 5 hours, a para- 
centesis was performed and an amount of ascitic fluid equal to that in- 
jected was removed. This fluid was analyzed for sodium and chloride. 

The diet of the animals maintained at low electrolyte levels, consisted of 
fresh, finely ground lean beef. The meat was soaked over night in a large 
volume of distilled water. This was decanted off and fresh distilled water 
added. The beef was thoroughly boiled, the broth poured off and the 
meat again boiled in fresh distilled water and this water discarded. By 
this procedure the beef is rendered practically free of sodium and chloride. 

1 E. R. Squibb and Sons Fellow in the Biological Sciences. 
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A small amount of pure lard is added before feeding. The sodium- 
chloride-depleted dogs eagerly eat the food in large quantities. Despite 
the evident inadequacy of this diet from the standpoint of its nutrients 
and salts, the animals maintain themselves in excellent condition for 
periods in excess of three weeks. The experiments were discontinued at 
the end of this interval. 

The animals were allowed free access to tap water. Prof. Ek. R. Caley 
of the Chemistry Department has for a number of years kept a record of 
the sodium and chloride content of Princeton tap water. The amounts 


TABLE 1 
Changes in serum sodium, chloride and hemoconcentration of an adrenalectomized dog 
observed through a cycle of insufficiency and recovery while maintained at low 
serum sodium and chloride levels 


M 


WEIGHT 
BLOOD 
PRESSURE 
MINUTE 
SODIL 
SERUM 
CHLORIDE 
CELL VOLUME 


| PULSE fER 


es 


10:45 3 5 33.3. Normal. Extract 
continued 
10:30 5 No symptoms 
5:15 72 Lethargic 
15 : j U6 5 Severe insufhicienc 
Extract injected 
745 2 3 No food 
30 93 76 Active, vigorous. Salt 
free diet 
:25 a.m. y 3.2 5 7 Extract discontinued 
:30 a.m. t 3.6 5 Saltfree’’ diet 
745 a.m. 5: Listless 
30 p.m. 5 27.8 97 6 j 7 Severe symptoms. Ex 
tract injected 
3:30 p.m. | 6 i ‘ 5.8) 7 No food 
00 a.m. 5 2 ‘ 4 3. 2.5) 6 5 | Appears normal 
:00 a.m. 5.6 3. 3 5.9 Saltfree’’ diet 
10:10 a.m q | 20.6 72 Salted diet 


are: Na 0.82 m.-eq. and Cl 0.3 m.-eq. per liter. The concentration of 
these substances in the drinking water as given in the tables were calculated 
from Professor Caley’s data. 

I. Experiments on the adrenalectomized dog observed through a cycle of 


insufficiency and recovery while maintained at low serum sodium and chloride 
levels. Table 1 gives the pertinent data obtained from a representative 
experiment of this series of five animals. 

The animal was in normal health on the day hormone injections were 
discontinued. Ten days later the dog was prostrate and on the verge of 
death from adrenal insufficiency. Cortical hormone was injected intrave- 


EMARKS 

m.-eq m .-eq grams mgn 

hours kam per per per per 

tiler eT cent cent 
11/ 6/35 
11/12/35 
11/15/35 
11/16/35 
11/17/35 
11/20/35 
11/23/35 
11/25/35 
11/29/35 
11/30/35 
12/ 1/35 
12/ 2/35 
12/ 4/35 
12/ 6/35 

3 
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nously in amounts representing 3 cc. per kilogram and thereafter this dose 
was given daily in two equally divided amounts, a.m. and p.m., until all 
symptoms had disappeared. Free access to water was permitted but all 
food withheld for 4 days subsequent to administering the first injection of 
hormone. The dog rapidly revived from insufficiency; activity, vigor and 
appetite returned. The arterial pressure rose from 46 mm. of Hg to 106 
mm. Hg within 4 days. Hemoconcentration decreased as shown by de- 
creases in hemoglobin, cell volume and erythrocyte count. The blood-ure: 
nitrogen fell from 86.9 mgm. per cent to the normal level of 26.6 mgm. per 
cent. However, despite the obvious clinical recovery, the decreased hemo- 
concentration and evidence of blood dilution, the serum sodium and 
chloride remained unaltered at the levels observed when the dog was in 
collapse from insufficiency. In fact, as shown in table 1, this particular 
animal actually revealed a slight decline in the level of the serum sodium 
and chloride during the recovery interval. On 11/23/35 (table 1) the 
dog was in excellent condition and appeared normal except that the serum 
sodium and chloride were very low, although the levels of these electrolytes 
had risen somewhat indicating that slight amounts of sodium and chloride 
were present in the food. He was given the “salt free’’ diet and cortical 
hormone withdrawn. The animal remained free from symptoms for six 
days. On the 7th day the dog exhibited marked symptoms and was near 
collapse. He was injected with 3 cc. per kilogram of cortical hormone in 
divided doses. The animal promptly revived and all symptoms disap- 
peared. The arterial pressure rose to the normal level, the hemoconcen- 
tration decreased and the blood-urea nitrogen was lowered from 181 mgm. 
per cent to 25.9 mgm. per cent. The animal was given plenty of water to 
drink but no food. Throughout the entire cycle of insufficiency, prostration 
and recovery the serum sodium and chloride remained at extremely low levels. 

Experiments, identical in all respects to the one described, were per- 
formed upon four other adrenalectomized dogs. Two of the animals ex- 
hibited less striking alterations in hemoconcentration as evidenced by 
hemoglobin, cell volume and erythrocyte counts, than did the dog illus- 
trated in table 1. However, all changes were well in the same direction 
as those discussed; revival from prostration and disappearance of all symp- 
toms, etc., were identical. These dogs were maintained for approximately 
three weeks at low electrolyte levels. Throughout this interval the serum 
sodium was 115 m.-eq. and the serum chloride 93 m.-eq. in one of the dogs. 
At present we know of no good reason why these animals could not be 
maintained for longer intervals. Presumably the chief limiting factor 
would eventually be lack of proper nutrients. 

B. Sodium, chloride and fluid intake and output during a cycle of insuf- 
ficiency and recovery of an adrenalectomized dog maintained at low serum 
sodium and chloride levels. In table 2 are shown typical data obtained 
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from a representative case in this series of experiments performed on four 
adrenalectomized animals. These data were collected on the dog discussed 
in table 1. The fluid balances are incomplete to the extent that metabolic 
water was not calculated, and the water lost by evaporation, in the expired 
air and feces was not determined. Diarrhea and vomiting did not occur 

The treatment the animal received immediately prior to collection of 
data on fluid balance, may be seen by study of table 1. Hormone was 
discontinued and the dog permitted to develop severe insufficiency. He 


TABLE 2 

Sodium, chloride and fluid intake and output during a cycle of insufficiency and recovery 
of an adrenalectomized dog maintained at low serum sodium and chloride levels 

(Daily averages) 


| 
| 


EXPERIMENTAL 
PERIOD 


DRUNK 


INTAKE 
INTAKE | 


REMARKS 


WATER 
WATER*® 


CHLORIDET | 


| sopruMt 
INTAKE 


CHLORIDE 
OUTPUT 


total 


days - m.-eq 


Insufficiency | 490 257 0.092} 1.95 No hormone. “Salt 
11/23 to 11/30/35 free’’ diet 

Recovery 1 | 352/258] 3.46 3.02) Hormone. 3 cc./kgm 
11/30 to 12/4/35 No food 

Recovery 2 800) 972'558/137 72.8 7 | 79.3| Hormone. 1.5ce./kgm 
12/4 to 12/6/35 Salted diet 


Normal 13 783, 970644)155 38.6 144.0 Maintenance hormone 


12/6 to 12/9/35 Salted diet 


* Includes water in the food and extract. 
+ Calculated from the Na and Cl content of water drunk, NaCl in the isotonic 
extract and the NaCl added to the “‘salt free’’ food. 


was then revived from prostration and restored to normal vigor by adequate 
doses of hormone. During the first recovery phase, water was allowed 
ad lib., but not food. The first data on water balance were collected on 
11/23/35. On this date the dog was receiving the “‘salt free’’ diet and had 
low serum electrolytes but was otherwise in normal condition. 

Table 2 summarizes the data. Comparison of this table with table 1 
reveals at once that during the insufficiency phase of the cycle, the dog 
maintained at low serum sodium and chloride levels on the “salt free’’ diet 
loses considerably less fluid (in relation to total fluid intake) by way of 
the urine than he does during the recovery phase on extract treatment. 

The average daily total water intake of the dog developing insufficiency 
is more than the average daily total intake during recovery. The dog 
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received no food in the recovery period, whereas, following extract with- 
drawal, he continued to eat the “‘salt free’’ diet and consequently ingested 
more fluid. Although the figures in table 2 show that the average daily 
urine volume was practically identical during both insufficiency and re- 
covery phases, actually, however, the animal lost more fluid in relation to 
intake during recovery than he did in insufficiency since the total fluid 
intake was less in the latter phase of the cycle. 

The animal was fed the “salt free’ diet after complete disappearance of 
all symptoms following extract treatment, and given 3 grams of sodium 
chloride per 100 grams of food. The total quantity of salt was 9 grams 
per day (recovery period 2, table 2). During this salt feeding period the 
animal ingested large quantities of water, urinated freely and retained 
sodium and chloride. When at the end of two days on salt, the animal 
had restored the serum electrolytes to their usual concentrations, the 
sodium and chloride intake and output became fairly evenly balanced. 
This is shown in normal period 3 as compared with recovery period 2, 
table 2. The daily hormone requirements dropped to a small fraction of 
that necessary to maintain normal vigor and activity at low electrolyte 
levels on a salt free diet. 

Il. Depletion of sodium and chloride in the intact dog by intraperitoneal 
injections of isotonic glucose, and maintenance of the animal at low serum 
electrolyte levels. In these experiments, two successive sodium and chloride 
“depletions” were carried out on the same dog. The animal was injected 
intraperitoneally with 100 cc. of isotonic glucose per kilogram and the 
ascitic fluid withdrawn at the end of three hours, care being taken to re- 
move only the same amount of fluid as was injected. Immediately a 
second injection of 100 ce. per kilogram of glucose was given. ‘The peri- 
toneal fluid was withdrawn after 2 hours. By this method it is possible 
to reduce the serum sodium and chloride to extremely low levels. The 
dogs develop severe symptoms of dehydration and shock, with drastic 
reduction in blood volume, arterial pressure, increase in hemoconcentra- 
tion and urea nitrogen. However, the animals recover spontaneously 
after 18 to 36 hours, and can be maintained in apparently normal health 
and vigor for long periods at low serum electrolyte levels if given the “salt 
free’’ diet. 

The essential data obtained from study of a representative case are 
given in table 3. It will be observed that the animals redistribute their 
body fluids in practically normal fashion at low serum electrolyte levels. 
The arterial pressure rises to normal, the hemoconcentration decreases 
and all symptoms disappear. Despite the low levels of serum sodium and 
chloride the dogs dilute their blood by withdrawal of tissue fluid. It is 
obvious that the greatest dilution changes occur during the first 72 hours 
following electrolyte depletion. Following this interval dilution slows 
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down and the hemoglobin, cell volume, R.B.C. and blood-urea nitrogen 
tend to remain stabilized at levels above the normal. The arterial pres- 
sure, however, invariably returns to normal. If the animals are injected 
with cortical hormone, 2 ce. per kilogram per day in divided doses for two 
days the serum electrolytes reveal negligible change but the levels of the 
hemoglobin and blood-urea nitrogen are reduced. ‘The urea-nitrogen tends 
to rise again when the injections are stopped but the hemoglobin continues 
to fall until it reaches a level below normal. Following the addition of 


TABLE 3 


Blood changes following sodium and chloride depletion in the intact dog by intra- 
peritoneal injections of isotonic glucose, and maintenance of the animal at lou 
serum electrolyte levels 


REMARES 


PRESSURE | 
MINUTE 


| PULSE PER 
| CHLORIDE 
CELL VOLUME 


| BLOOD 


| SERUM 


per mii- 


hours 
cen lions 


2/ :30 a.m. 2 | 9: 3 9 | 42 
2/ 2:45 p.m. : 5 3 § 67 
2/ ¢ 00 a.m. | 57 
2/ 
2/ 
2/ 


Glucose injected* 
Paracentesis.t Weak 
Strong, active 
30 a.m. 

9/36 30 a.m. 
/20/36 :20 a.m. 
2/21/36 a.m. 111 
2/21/36 | 10:45 p.m. 
2/22/36 :50 a.m. 113.4 
2/23/36 30 a.m K 3 112.5 
2/24/36 | 00 a.m. 3 
2/26/36 00 a.m. K 118: 
2/29/36 :00 a.m. K 119 Saltfree’’ diet 
3/ 1/36 :00 a.m. | ‘ 139 Salted diet 
3/ 2/36 | 10:15 a.m. 88| 149 F 7; 6.65) 2 Experiment discon 


tinued 


Saltfree’’ diet 
Saltfree’’ diet 
Saltfree’’ diet 
Extract 1 cc./kgm 
Extract 1 ce./kgm 
Extract l ec. /kgm 
Active, vigorous 
Saltfree’’ diet 


Saltfree’’ diet 


*100cc./kgm. Paracentesis 3 hours later. 2nd injection 100cc./kgm. Paracentesis 2 hours later 
t Total of 261 m.-eq. sodium and 226 m.-eq. chloride removed in 3290 cc. of ascitic fluid 


salt to the diet the serum sodium and chloride are rapidly elevated to 
normal and the blood-urea nitrogen falls. 

It is evident that the adrenal glands of the sodium-chloride-depleted dog 
supply sufficient hormone to induce marked decrease in hemoconcentration 
and disappearance of all dehydration symptoms. However, the hormone 
supply is inadequate to restore completely the normal fluid balance in the 
face of such low electrolyte levels unless augmented by hormone injections. 

The observation that injections of the cortical hormone by reinforcing 
the action of the animal’s own glands reduced the hemoconcentration of 
the salt-depleted intact dog to normal levels is interesting in view of the 
fact that this is the first time the writers have been able to induce a physi- 


z 
= 
< 
4 
& 
< a = 
m.-eq. | m.-eq. | grams mgm 
| cen cent 
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ological response of any kind in the unoperated animal with cortical hor- 
mone. It is probable that these observations can be made the basis of a 
bio-assay of cortical hormone based on the unoperated salt-depleted dog. 
Experiments along this line are now under way in this laboratory. 

Discussion. These experiments demonstrate that the symptoms and 
clinical condition of the adrenalectomized dog exhibiting insufficiency are 
independent of the serum sodium and chloride levels when adequate corti- 
cal hormone is administered. The writers can only hazard a surmise as 
to the probable nature of the mechanism involved in the redistribution of 
the body fluids under influence of adrenal cortical hormone when the serum 
sodium and chloride are at low levels and remain so throughout the cycle 
of adrenal insufficiency and recovery on extract. It is evident that the 
phenomenon is an osmotic one, but it is far from clear as to how the hor- 
mone can restore the altered water distribution to approximately normal 
condition in the face of such marked disturbances in osmotic relationships 
as must obtain when the serum sodium and chloride levels are so greatly 
reduced. However, there are several possibilities. The hormone ap- 
parently does not change the sodium and chloride levels when injected 
in large quantities but does redistribute the body fluids. 1. Does it in- 
duce this internal fluid shift by directly restoring osmotic equilibrium, i.e., 
is the cortical hormone per se a highly active osmotic agent in the sense 
that the electrolytes are such agents? This seems improbable in view of 
the marked lag period between injection and response to this hormone. 
2. Does the hormone, when present in adequate amounts, “activate” the 
sodium and chloride remaining in the body fluids of the adrenal insufficient 
or salt depleted dog, so that 80 m.-eq./1. of serum chloride and 114 m.- 
eq./1. of serum sodium, in the presence of quantities of hormone or hyper- 
active glands are osmotically equivalent to 110 m.-eq./1. of chloride and 
143 m.-eq./1. of sodium in the fluids of the normal animal? 3. As a third 
possibility it may be that the cortical hormone when given in sufficient 
quantity to animals with low serum sodium and chloride levels so alters 
the permeability of the cell membranes that osmotically active substances 
normally retained within the cells pass outward through the restraining 
envelope thereby raising the osmotic pressure of the hypotonic extracel- 
lular environment and redistributing the fluid osmotically held within the 
cells.? 


2 The statement has been attributed to the writers that the permeability of the 
capillaries is altered following adrenalectomy. We do not believe, nor have we ever 
implied in any publication, that the permeability of the capillaries is significantly 
changed from the normal in the adrenalectomized dog. On the contrary we have 
expressed the belief that the cortical hormone is probably not concerned with capil- 
lary permeability. (Swingle, Pfiffner, Vars and Parkins. This Journal 107: 271, 
1934.) 
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SUMMARY AND CONCLUSIONS 


Five adrenalectomized dogs were studied through a cycle of insuf- 
ficiency and recovery while maintained at low serum sodium and chlorid: 
levels. 1. The clinical condition of the animals so treated is independent 
of the serum sodium and chloride levels when adequate amounts of corti- 
cal hormone are administered. 2. The animals can be maintained ap- 
parently normal in so far as health and vigor are concerned for three weeks 
(and probably longer) with the serum sodium and chloride at the levels 
observed when the animals are verging on death from insufficiency. 3. 
The disappearance of symptoms is largely due to the effect of the cortical 
hormone on the mobilization and shift of tissue fluids to the extracellular 
spaces and blood stream. This shift occurs despite the low serum sodium 
and chloride concentration. 4. The serum sodium and chloride concen- 
trations remain unaffected by repeated large injections of cortical hormone 
if all food is withheld or a salt-free diet fed. 5. Water balance studies on 
four animals show that the animals coming into adrenal insufficiency while 
maintained at low serum sodium and chloride levels lose less fluids by way 
of the urine than they do during the recovery phase while receiving ex- 
tract. 6. The urinary excretion of sodium and chloride in the salt-depleted 
dogs during insufficiency is very small. 

7. Intact dogs, depleted of sodium and chloride by intraperitoneal in- 
jections of isotonic glucose, can be maintained healthy and vigorous for 
three weeks with extremely low levels of serum sodium and chloride. §& 
Sufficient cortical hormone is elaborated by the animal’s own adrenals to 
restore the altered fluid distribution to approximately normal condition 
without change in the level of the serum sodium and chloride. 9. Injec- 
tions of hormone, supplementary to that secreted by the animal’s own 
glands, rapidly reduces the hemoconcentration and blood urea nitrogen to 
normal. 10. Possible modes of action of the hormone are discussed. 
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Biologic tests have indicated that the rat is able to synthesize its own 
vitamin C. Varying concentrations of ascorbic acid (vitamin C) have 
been found in the organs of the rat by direct titration with the indophenol 
indicator (1, 2). The results of the titration method, extensively used at 
the present time, agree closely with those of biological tests. The distribu- 
tion of ascorbic acid in the organs of the body, especially the high amounts 
in the small intestine of those animals which are not susceptible to scurvy, 
has been adequately reviewed (3). 

Evidence has been presented that, in the germinating pea seedling (4), 
as well as experiments zn vitro with certain tissues of the rat (5), mannose 
alone of the many sugars tested seemed to serve as the most effective pre- 
cursor of vitamin C. Additional work, however, has not indicated that 
mannose could be converted into significant amounts of ascorbic acid 
either in vitro (6), or in vivo (7). 

A review of the literature suggested a careful investigation of the dis- 
tribution of vitamin C in the organs of the rat when these animals were 
fed various diets for definite periods of time in order to obtain further in- 
formation as to the probable site of synthesis of ascorbic acid as well as 
to the nature of its precursors. 

EXPERIMENTAL. Young albino rats, reared in this laboratory from a 
closely inbred strain, were used in these experiments. Animals from such 
a strain are less apt to show extreme variations as regards growth and the 
vitamin C content of their organs. Groups of three to five rats were 
placed in cages with raised screen grids (one-half inch mesh). Liberal 
quantities of the diets under consideration (estimated at about 10 grams 
daily to each rat) were given to the animals which had shown normal 
growth on the basal diet of dog chow. Water was kept before the animals 
at all times. Weekly records of the body weight as well as the age of the 
animals were kept. 

At definite time intervals, generally 16 to 18 hours after the last feed- 
ing, the rats were killed by stunning. The organs were removed (the 
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small intestine being gently ‘“‘milked”’ with the fingers to expel the con- 
tents), dried between sheets of filter paper, weighed, and minced finely 
with scissors. The minced organs were extracted with a sufficient quantity 
of 4 per cent trichloroacetic acid for at least five minutes. The filtered 
solution (the residue being washed with additional acid) or an aliquot por- 
tion was then titrated rapidly to the first permanent trace of pink color 
with standardized 2,6 dibromophenol indophenolblue. Extreme varia- 
tions in the weight of the organs or titration values among the individual 
rats of each group were seldom observed. Fluctuations in the weight of 


TABLE 1 


Components and percentage composition of various diets used in this 


COMPONENTS 


iH 


VITAMIN B 
VITAMIN By 
VITAMIN B 
CASEIN FREE* 


HI¢ 


Extracted casein... 
Technical casein 
Ground whole wheat. . 
Osborne and Mendel salts 
Cornstarch 
Sucrose.... 
Cod liver oil. 
Lard.... 
Crisco. . 
Butterfat 
Dried yeast 
Lactose (C.P.) 3 
Purina Dog Chow rT eee 6 | ad lib 
* Rats refused to eat the casein free diet readily until yeast was substituted for 
Vitavose as source of vitamin B factors and nitrogen. 
+ Dried yeast autoclaved for 5 hours at 15 pounds’ pressure. 
t Five-tenths gram dried yeast given daily to each rat. 


the spleen were occasionally recorded. The average weight of the organs 
can be easily ascertained from the data in the tables since both the total 
ascorbic acid content as well as the amount per gram of tissue have been 
calculated. 

The composition of the diets used in this investigation is given in table 1. 

Rats, fed exclusively on a dog chow ration (Ralston Purina Dog Chow), 
were chosen as control animals. This basal ration contains all the neces- 
sary ingredients for normal growth and the rats ate it readily. Some of 
the other diets were deficient in a dietary factor as vitamin B, protein 
(casein-free), or carbohydrate but were adequate in all other constituents. 


| 
- 
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Rats fed on the “high starch diet,”’ which to be true did not contain more 
carbohydrate than the other starch diets, actually consumed more carbo- 
hydrate daily since this was the only starch diet which contained all the 
necessary ingredients for normal growth. Substitution of yeast for vita- 
vose in the casein-free diet resulted in a more improved appetite of the 
rats. A slight gain in weight in 18 days (see table 3), was then recorded 
which, however, was still below the initial weight of the animals before 
being placed on this diet. 


TABLE 2 


Vitamin C content of organs of rats on vitamin B deficient diets 


| 
| 
VITAMIN C CONTENT OF ORGANS 
| 
} 


DIET FED 


WEIGHT 
FINAL AGE WHEN 


WEIGHT 
WEIGHT 
KILLED 


AVERAGE INITIAL 


| NUMBER AND SEX 
OF ANIMALS 
AVERAGE FINAL 
TEST PERIOD 
Adrenals 


| 


| AVERAGE GAIN IN 


| Adrenals 


| | | 

| mgm.| mgm.| mgm.| mgm, 

days| per per per | per 

organ | organ | organ| grm. 
| } | 


55 1.86 
55 1.93 


| 


| 
| 
| 
| 


Vitamin B com- | 


plex deficient 


Vitamin B, defi- {| 5F | 40 | 35, —5| 29 | 55 |0.024)0.124/0.012| : 
cient \| 2M_| 37| 29) 59 |0.041/0.94010.047] 


| 20) (0.04510. 36910 .045 
67| 38 | 64 |0.0300.382\0.038 0.13) 0.15 


Vitamin B,. defi- 
| 61) 0.037|0.740/0.054) 2.56) 0 i9 0.14 


cient* 


| 151| 109} 29 | 55 |0.047|1.71 
5 | 131] 85) 29 | 55 |0.093)1.03 
controls | 3M | 44 | 3 | 70 |0.060)2.15 
| | 50 | 159| 109} 39 | 65 |0.087/1.07 

| 


2.26) 0.24) 0.20 
50.133) 3.11 0.18) 0.16 
7 
2 


(0.180 .38| 0.24] 0.19 
0.134) 2.56) 0.16] 0.15 


* Contains slight amounts of vitamin B, from ground whole wheat. 
t Dried yeast given last 7 days of test. 
t Dried yeast given last 4 days of test. 


For uniformity of results, it is essential that the animals eat the diet 
under consideration to as great extent as possible. Otherwise, inanition 
over a great period of time may give subnormal values for the vitamin C 
content of the organs. Furthermore, the test period must be of sufficiently 
long duration to have less fluctuation in the normal metabolism as the 
result of the shifting from the basal to the experimental diets. The age, 
weight, and sex of the animals should be indicated as these factors are 
essential for uniform interpretation of the experimental data. 

Influence of diets: Vitamin B deficient diets. As evident from table 2, 


4 

N 

| | mgm.| mgm. 
gms.| gms.| gms.| days per | per 

| |} grm. | grm. 

5M 49} 39/-10| 29 | 0.12) 0.17 

3F | 40) 31) —9| 29 | 0.10) 0.39 

| | 

2 44) 0 08) 0.18 

3.22) 0.18} 0.15 
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rats maintained on diets wholly free from vitamin B complex, vitamin B,; 
and partially deficient vitamin B, are still able to synthesize their own vita- 
min C to a certain extent though showing many of the symptons charac- 
teristic of these deficiencies. The ascorbic acid content of the adrenals 
and liver was significantly lower in those diets entirely devoid of the vita- 
min B factor studied. These lower values of ascorbic acid in the organs 
may be the result of inanition and disarrangement of the metabolic proc- 
esses but these symptons are intimately associated with such deficiency 
diseases. Adequate amounts of vitamin B factors are essential for the 
normal synthesis of vitamin C since the addition of yeast in a relatively 
short period not only caused resumption of growth but also raised the 
vitamin C content of the organs. 

Other diets. Of the organs which can possibly take part in the synthesis 
of ascorbic acid in those animals, immune to scurvy, only the liver and 
gut (small intestine) need be considered. Adrenalectomized dogs are 
capable of synthesizing their own vitamin C (8). The slight amounts 
actually present in the pituitary, adrenals, spleen, or the other organs, 
precludes them from any serious consideration as to the possible sites of 
synthesis of this vitamin. Such organs can be removed from dogs, rats, 
or mice without serious departures from the normal condition under 
suitable experimental precautions. 

It is apparent from table 3 that rats are able to synthesize vitamin C 
irrespective of the composition of the diet. The data indicate that the 
ascorbic acid content of the gut tends to be significantly higher than that 
of the liver on all the diets except the casein-free diet where no marked 
change occurs. Since the vitamin C content of the organs was made on 
the same animal, these rats are standardized insofar as other sources of 
disturbance such as age, weight, and metabolic condition are concerned. 
The relative difference in concentration of ascorbic acid in the liver and 
gut, especially of the rats fed the carbohydrate-free, lactose and control 
diets, as well as the fasting male rats, strongly point to the assumption that 
the small intestine is the source yielding primary precursors for the syn- 
thesis of vitamin C. The rate of absorption of the end products from the 
intestine into the liver varies with the nature of the foodstuff undergoing 
digestion and would be more rapid from carbohydrates than fats or pro- 
teins. In such a case, the amount of ascorbic acid in the liver may be 
variable depending on the rate of absorption of the metabolic products 
from the gut. Attention already has been drawn to the fact that the experi- 
ments in vitro (5), tending to indicate that the liver plays a limited réle in the 
synthesis of ascorbic acid from mannose alone of the many sugars tested, 
have not been confirmed (6). The other organs of the digestive system 
play a minor role in the digestion of foodstuffs and the vitamin C content 
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of the cecum and large intestine may result from absorption of the meta- 
bolic products from the gut. 

The apparent utilization of lactose by the rat (a slight tendency toward 
diarrhea was noted on this diet) is of interest on account of the synthesis 
of ascorbic acid from galactose (9). It has been definitely proven that 
the gut, as well as the liver, is able to utilize fructose and that appreciable 
amounts of galactose are metabolized even in the absence of the liver (10). 


TABLE 3 


Vilamin C content of organs of the rat on different diets 


| VITAMIN C CONTENT OF ORGANS 


| 
DIET FED 


ANIMAL 
WEIGHT 
WEIGHT 


AVERAGE GAIN IN 


AVERAGE INITIAL 
AVERAGE FINAL 
| WEIGHT 
Small intestine | 
Small intestine | 


Nn 


| NUMBER AND SEX OF 
| AGE WHEN KILLED 


| TEST PERIOD 


| Adrenals 


| 
| 
| 
| 


| 
| 


m gm |} mgm. mgm m g m mgm mgm mgm 
days | days per | per | per | per | per | per | per | 
| organ) organ) organ) organ; gm gm. | gm 
Casein-free.... 5F 33 | 1 2 | 0.037] ¢ 444| 0.490} 0.026) 2.62 | 0.17 | 0.16 | 
High starch.......| 3 F 5| 22 | 73 | 0.076| 0.775| 0.725) 0.066] 2.10 | 0.11 | 0.15 
Carbohydrate- } | | | | 
free 2 3 | 0.106] 0.927) 0.970) 0.065] 2.60 | 0.12 | 0.17 | 
Lactose (33 per 5 F 32 | 0.061) 474) 0.082) 3.31 21 | 0.29 
cent)... |3F 3 | | | 61 | 0.076) 0.5: 0.051) 3.45 | 0.14 | 0.28 | 
| | | 
| 0.020) 0.400) 8} 0.024) 2.91 | 0.25 | 0.37 | 
| 91 | | 0.049) 0.793| 0.057| 3.31 | 0.19 | 0.26 
1115} 150] | 68 | 0.110} 0.9 0.105) 3.39 | 0.14 | 0.22 | 
| 208 | | 0.128) 0.088) 4.00 | | 0.23 | 
60 | | 0 3} 1.016) 0 2.94 0.32 
| 145 | 165 | 20) 0.068] 1. 841| 0.121) 3.04 | | 0.31 
| 353 | | 0.070} | 1.720] 0.148] 2.74 | 0.21 | 0.25 
|356; | | 7 | 77 | 0.142} 3.08 | 0.13 | 0.25 | 
4 | 0.17 | 0.26 | 


Controls, dog 


t Vitamin C content of other parts of the digestive system: Stomach, 0.08 mgm. per gram; cecum, 0.12 
mgm. per gram; large intestine, 0.14 mgm. per gram. 

¢ Vitamin C content of otber parts of the digestive system: Stomach, 0.10 mgm. per gram; cecum, 0.16 
mgm. per gram; large intestine, 0.17 mgm. per gram. 

§ Vitamin C content of other parts of the digestive system: Stomach, 0.07 mgm. per gram; cecum, 0.11 
mgm. per gram; large intestine, 0.10 mgm. per gram. 

Etherized. 


Data published from another laboratory (11) also point to a wide varia- 
tion in vitamin C content of the gut and liver depending on the type of 
incomplete diet (i.e., incomplete in the sense that one or more of the 
three main organic foodstuffs was lacking) fed to male rats. A marked 
increase in the ascorbic acid content of the gut was present on the protein- 
fat and fat diet as compared to the liver whereas on a carbohydrate diet 
alone, the opposite was found to be the case. Such marked concentrations 


— | 
mgm 
per 
gm 
0.16 
0.14 
0.17 
0.16 
0.24 
0.18 
0.23 
0.13 
0.09 
0.19 
0.12 
0.20 
0.20 
0.11 
* Initial weight taken when yeast substituted for vitavose. Had lost 21 gms. in weight in previous 14 days. 
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were available only in a test period of 5 to 7 days, for on longer periods of 
10 to 12 days, the absolute concentrations were much lower in both organs. 

It is further evident from the table that ascorbic acid per gram of gut and 
liver tends to be higher in younger than older animals, confirming previous 
work (2). The opposite was generally found to occur in the case of the 
adrenals, indicating that the localized concentration of vitamin C is con- 
cerned with the maintenance of the normal functional activities of that 
organ (12). 

A slight decrease of ascorbic acid was noted in the liver when the rats 
were etherized instead of killed by stunning. No adequate explanation 
is available why ether should give the lower values in the case of the liver. 


TABLE 4 


Comparison of the relative weights of the liver and small intestine 


FINAL 

WEIGHT WEIGHT WEIGHT WEIGHT WEIGHT 
OF FEMALE! OF LIVER OF GUT OF LIVER OF GUT 
RATS | 


ae gms. per 1 gma. final 
= body weight 


Casein-free....... : 63 2.5! 04 5 04 
High starch 156 3.22 
108 3.6 3.3 62 
104 3.6 §.é 5.09 
91 : 

150 

208 


Lactose..... 


Dog chow.... 


Phloridzinized rats............. 117 
Phloridzinized rats (table 5) 94 


A greater elimination of ascorbic acid in the urine of guinea pigs has been 
recorded when ether had been used as the general anesthetic (13). 

Comparison of the relative weights of the liver and gut. A possible explana- 
tion for the variation of the ascorbic acid content in the organs as regards 
age and diet fed to the rats is indicated in table 4. Other factors may exert 
their influence but it is significant that the ascorbic acid content of the 
organs is correlated with the weight of the small intestine and the liver. 
From the data in the previous table, it is apparent that a mechanism of 
some kind must be present through which a mutual adjustment in the 
productive activities of these organs can be established. 

Influence of various substances on the vitamin C content of the organs of 
the rat. The addition of cincophen at levels where no difficulty was en- 
countered on refusal of the animals to eat the basal diet resulted in a de- 


6.22 8.82 5.31 7 5A 
17% | 567 506 607 
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crease in the ascorbic acid content of the liver. No macroscopic evidence 
of liver damage was noted. 


TABLE 5 
Influence of various substances on the ascorbic acid content of the organs of the rat 


| VITAMIN C CONTENT OF THE ORGANS 


| 


| Small intestine | 


FED DAILY, THE | 
FOLLOWING 
SUBSTANCES 
INTIMATELY 
MIXED WITH 

DOG CHOW 


ANIMALS 
WEIGHT 
WEIGHT 


WEIGHT 


NUMBER AND SEX OF 


AVERAGB FINAL 
AVERAGE GAIN IN 
| TEST PERIOD 
| 
| AGE WHEN KILLED 
Small intestine 


Adrenals 


| Adrenals 
Spleen 


AVERAGE INITIAL 


| mgm.| mgm.| mgm.) mgm. 


per | 


mgm. approzi- | | gms.| days | days per per per 


mately 


| 
| 
organ| organ organ) organ 


Cincophen | 

50 5M | 111 | 0.089) 1.200) 1.576) 0.104 
75 5M | 1 | 111 | 0.068} | 0.109) 
a-dinitrophenol 
3F | 108 | 0 044) 0.096 
3F 97 | 0.049) 0.050 


5F 88 | 0.046 | | 0.064| 


| | 
5F | | 94 | 0.053) 0.468 0.045 
4M | 74 | 0.068] 0.738) 
2M | 70 | 0.062) 0.625 
3M | 134) | 8 | 61 | 0.039] 0.735 
14M | | 65 | 0.066) 0 868 
Thyroid plussalts*| | | | | | | 
125 13M 8 | 61 | 0.047) 0.630] 
125 4 Mt 64 | 0.048) 0.304) 
NaF (15 mgm.) | 4M | 33 | 75 | 0.070) 1.160) 
NaF (15 mgm.) | | | 
plus thyroid (30 | | | | 
mgm.) 4M | 0.076! 0.970 
Phloridzin (50 2Mt | 0.093) 1.23 
mgm. per ml. | 3 Ft 0 096! 0.970 
olive oil) inject- | 3 F§ 5} 0 064) 0.817 
ed subcutane- | | | } | 
ously 


| 


* Salts consisted of a mixture of sodium citrate and sodium chloride (1:2). Each rat ate about 0.8-1 gram 
daily. A 0.9 per cent salt solution was given in place of ordinary water for drinking. 
+ Rats in state of collapse and dying. Organs extracted within one-half hour after death. 
t Rats killed 24 hours after last injection. Total of 5 injections (on alternate days). 
Vitamin C content of other organs of the digestive system (mgm. per gm.): 
Stomach: Males, 0.08; females, 0.06. 
Cecum: Males, 0.15; females, 0.12. 
Large intestine: Males, 0.12; females, 0.07. 
§ Killed 48 hours after last injection-—2 injections only on alternate days. 


The data in table 5 conformed with experiments on guinea pigs (14), 
that the ascorbic acid content of the organs tends to be decreased as the 
metabolism of the animal is increased under the influence of a-dinitro- 
phenol or desiccated thyroid gland. Normal male rats, 135 to 270 grams 
in weight, have been shown (11) to contain 0.26 mgm. ascorbic acid per 


} | 
| mgm.| mgm.| mgm.| mgm 
per per per | per 
| 
3.63 | 0.14 | 0.25 | 0.17 
3.53 | 0.15 | 0.28 | 0.17 
| 
1.93 | 0.11 | 0.22 | 0.11 
2.37 | 0.09 | 0.15 | 0.00 
20 2.28 | 0.09 0.15 | 0.11 
Desiccated | | | 
| 1.94 | 0.11 | 0.17 | 0.16 
| 2.75 | 0.13 | 0.18 | 0.14 
| 2.40 | 0.14 | 0.15 | 0.08 
1 1.70 | 0.11 | 0.15 | 0.11 
| 2.49 | 0.14 | 0.18 | 0.14 
| 1.63 | 0.13 | 0.16 | 0.11 
| 1.47 | 0.05 | 0.12 | 0.06 
| 3.44 | 0.23 | 0.29 | 0.15 
| 
| 2-20 | 0.12 | 0.15 | 0.11 
| 3.47 | 0.20 | 0.32 | 0.22 
| 0.1 | | 02 
3.76 | 0.17 | 0.24 | 0.22 
3 
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gram of gut and liver respectively. These values agree well with those 
obtained in this laboratory. 

The addition of sodium salts which have a noticeable influence in keep- 
ing adrenalectomized dogs in normal condition (15) have no effect when 
given in conjunction with the high level of thyroid gland fed. Incubation 
of minced rat liver of thyroid-fed rats (125 mgm. level) for 70 minutes at 
room temperature (27°C.) showed no decrease in ascorbic acid value. 
Consequently, the extremely low values for the vitamin C content of the 
organs of the rat at the point of collapse as the result of excess thyroid 
feeding must be ascribed to a more complete utilization of ascorbic acid as 
the metabolic condition of the animal is increased. 

Previous work that sodium fluoride does not affect the ascorbic acid 
content of the adrenals and liver (16) is confirmed. The normal values 
for the vitamin C content of the gut is of interest in view of the reported 
similarity between scurvy and fluorosis in the guinea pig (17). The symp- 
toms, hypertrophy of the adrenals, loss in weight and intestinal hemor- 
rhages, listed in the fluorosis of guinea pigs may be obtained with other 
substances (administration of carbon tetrachloride to rats) and the inter- 
muscular hemorrhages, characteristic in scurvy, were seldom observed. 
The experimental data (17) indicate that a decrease in the ascorbic acid 
content of the adrenals and pituitary does occur in fluoride-fed guine:s 
pigs. This does not mean, however, that fluoride feeding should result in 


a marked interference with the action of vitamin C in the guinea pig 
especially when there was no decrease in the ascorbic acid content of the 
liver. 


The combination of sodium fluoride and desiccated thyroid, at a level 
where either substance alone has no appreciable effect on exhaustion of 
body weight or metabolic condition (18), markedly decreases the ascorbic 
acid content of the organs. 

Rats subjected to injections of phloridzin in olive oil showed the char- 
acteristic swelling of the liver and a marked increase in weight as well as 
thickening of the intestinal mucosa which was dependent on the degree of 
phloridzinization. Such a marked increase in weight was not observed in 
the stomach, cecum or large intestine. The response to phloridzinization, 
in view of the similarity of the relative concentration of ascorbic acid in 
the organs as compared to that of the controls and also the well-known 
physiologic action of this drug, offers additional proof to the ready adapt- 
ability of the gut to cope with experimental conditions which are not nor- 
mal in the life of the animal. 

Effect of carbon tetrachloride. Male rats maintained for two weeks on 
the diets indicated in the table were subjected to carbon tetrachloride 
vapor for a period of 30 to 45 minutes daily, six days a week. ‘The sur- 
vival time and general vitality of the rats on this treatment depended, as 
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previously reported (19), on the nature of the diet—the most severe reac- 
tion being produced on the carbohydrate-free diet. Owing to the brief 
experimental period in subjecting the rats to carbon tetrachloride, marked 
cirrhotic livers were not observed but the livers were definitely hard and 
fatty in all the diets fed. The increase in weight of the adrenals,' the 
presence of intestinal hemorrhages on the dog chow but not on the starch 
diet, and the loss in weight of the rats depended on the reaction of the 
animal to carbon tetrachloride. The data in table 6 indicate that even 
with fatty livers and possible disarrangement of hepatic function, appreci- 

amounts of vitamin C are synthesized by the rat. The relative 


TABLE 6 


Effect of carbon tetrachloride vapor on male rats fed various diets 


VITAMIN C OF CONTENT ORGANS* 


TREATMENTS OF CCl, 
KILLED 


NUMBER OF RATS 
INITIAL WEIGHT 
FINAL WEIGHT 
GAIN IN WEIGHT 
FINAL AGE WHEN 
Small intestine 


TEST PERIOD 
Small intestine 


Adrenals 
Spleen 
Spleen 


mgm mgm mgm mgm., mgm mgm.| mgm 
gms es 8 8 per per per per per per per 
organ) organ organ| Organ) gm gm gm 
138 K y 099 0.542) 0.506 082) 2.64 10 11 
137 145; 1.718) 1.442 3.32 15 21 
150 2 ¢ 143; 1.626; 1.454) 0.128) 3.97 20 24 
161 5} 9: 146) 1.226 1.200 244; 4.11 15 


Dog chow 


164 9: y 33 96 100 747 218 118 f 16 

131 | 2% 9 ( 090 718 406 100 5% 21 

Carbohydrate- ; 5{ | 153 | 144 —9) 3 3 ) 0.121, 0.977 317 115) 3.88 10 | 
free 3 150 | 168 18 65 | 0.102) 1.450) 1.775 0.084) 4.16 17 


* Rats killed by stunning 24 bours after last treatment of CCl 

t Rats very deeply anesthetized. Marked intestinal hemorrhages present 

t Two other rats died within 12 hours after second treatment. No changes in the organs, except fatty 
liver, observed at necropsy. 


difference in concentration of this vitamin in the liver and gut depended on 
the amount present in the latter organ. The marked difference in con- 
centration of ascorbic acid in these two organs of rats fed the carbohydrate- 
free diet and subjected to carbon tetrachloride fumes indicate that the 
gut is the site of synthesis of vitamin C. The ascorbic acid is then ab- 
sorbed and utilized by the liver. 


SUMMARY 
1. Rats are able to synthesize vitamin C irrespective of the composition 


of the diet. Adequate amounts of vitamin B factors are essential to ob- 


1 In a private communication, Doctor Higgins, Mayo Clinic, Rochester, Minn., 
has also noted hypertrophy of the adrenals under like conditions. 


mgm 

per 

gm 

5t 0.12 

0.17 

3 02 
26 

\| 3 0.19 
0.23 | 0.26 

0.25 | 0.27 
0.32 | 0.30 
0.33 | 0.24 
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tain normal values for the concentration of vitamin C in the organs of the 
rat. 

2. The utilization of ascorbic acid by the tissues of the rat is increased 
as the metabolic condition of the animal, under the influence of desiccated 
thyroid gland or a-dinitrophenol, is increased. The simultaneous adminis- 
tration of sodium fluoride and thyroid gland, at a level where either sub- 
stance alone has no appreciable effect on the animal, decreases the vitamin 
C content of the organs. Rats at the point of collapse as the result of 
excessive thyroid feeding have a very low ascorbic acid content of the 
tissues. 

3. The vitamin C content of the liver is decreased by the administration 
of cincophen or etherization of the animals. 

4. The relative difference in concentration of ascorbic acid in the gut 


(small intestine) and liver of rats fed various diets indicates the important 


role played by the small intestine in yielding primary precursors for the 
synthesis of vitamin C. The adaptability of the gut to adjust itself to 
cope with experimental conditions, not normal to the ordinary life of the 
animal, as well as with variation in age is emphasized. 

5. Rats with fatty livers and possible disarrangement of hepatic func- 
tion, as the result of exposure to carbon tetrachloride vapor, still synthe- 
size appreciable amounts of ascorbic acid. 
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Section I. During the course of experiments which were carried out 
on choledochocolonostomized adult rats maintained on the stock diet,’ it 
was noted that the animals showed evidences of vitamin A deficiency, 
whereas the unoperated animals did not. This fact was established both 
on the basis of the vaginal smear picture and the depletion of the vitamin 
A stores in the liver, as determined by the antimony trichloride test at 
the time when the animals were sacrificed. At a time when the vaginal 
smear picture had been, for some time, that of a vitamin A deficient rat, 
administration of cod liver oil brought the picture back to that of a normal 
animal. The present experiments were carried out in order to throw fur- 
ther light on the cause of this phenomenon. 

Adult rats which previously had been maintained on the stock ration 
were placed on a vitamin A deficient diet, and the times required to de- 
plete their vitamin A reserves, based on the vaginal smear pictures, were 
determined. In certain of these rats internal bile fistulas (1) were made, 
while the remainder were not subjected to operative procedure. Autop- 
sies were performed on all of the animals, and only data obtained from 
those which showed a normal macroscopic picture were used. The bile 
fistula operations were likewise checked on autopsy. 

The depletion times of this group of animals are given in table 1, series I. 
The reserves of vitamin A of the bile fistula group were depleted after 
a period varying from 43 to 63 days, while a period varying from 79 to 
136 days was required to deplete the vitamin A reserves of the normal 
group. At the time of depletion each rat received 375 units of vitamin A 


1 We are indebted to E. R. Squibb and Sons for the fellowship which made this 
experimental work possible. 

2 E. R. Squibb and Sons Fellow, 1934-37. 

3 The stock diet consisted of ground wheat, 30 lbs.; fish meal, 5 lbs.; milk powder, 
5 lbs.; alfalfa meal, 1 lb.; sodium chloride and calcium carbonate, 100 grams each. 
Lettuce was fed twice a week. 

4The vitamin A deficient diet consisted of alcohol-extracted casein, 18 parts; 
starch, 68 parts; powdered yeast, 10 parts; Osborne and Mendel salt mixture, 4 parts. 
This was supplemented with 1 part of irradiated yeast or an adequate amount of 
viosterol as a vitamin D source. The latter substance was injected subcutaneously. 
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as cod liver oil by stomach tube. At the end of an 8 to 15 day period the 
bile fistula group again showed signs of depletion, while a period of 20 to 
30 days was required to deplete the control group. Analogous results were 
obtained when the experiment was repeated a third time. The data indi- 
‘ate that vitamin A is much less effective, as judged by the depletion time, 


TABLE 1 


Comparative vitamin A depletion times of bile fistula and normal rats* 


ME NECES- 
TIME NECES- | person TIME NECESSARY | TIME NECESSARY TIME NECESSARY 
SARY TO DEPLETE RE- TO DEPLETE TO DEPLETE TO DEPLETE 
DEPLETE RESERVES RESERVES RESERVES 
RAT NUMBER SERVES AFTER 
INITIAL AFTER SECOND AFTER THIRD AFTER FOURTH 
VITAMIN A coeassie VITAMIN A VITAMIN A VITAMIN A 
| RESERVES FEEDING FEEDING FEEDING FEEDING 


Bile Bile | Nor- | Bile Nor- Bile Nor- Bile Nor- Bile Nor- 
fistula |} mal | fistula| mal fistula mal fistula mal fistula mal 


Series I. Adult rats reared on the stock diet and then placed on a vitamin A free diet 


days | days 8 s | 8 days days days days days 
45 | 103 | 24 
52 | 86 | 29 
43 | 79 | 23 
| 63 | 136 22 
8&3 18 
83 | 


| 


16 | | 19 20 15 14 
17 | 28 15 19 27 
18 | | 29 25 24 
31 31 7 
20 31 
21 | | 26 
22 | | | 31 


33t | 62t| 12 
40t | 61t 


23 | 26 
| 44t 


24 | 27 | 
25 


+ Animal received 564 units of vitamin A orally. 
t Animal received 620 units of vitamin A orally. 


in the bile fistula than in the normal rat. From these data it is not possible 
to evaluate the factor of absorption. 

A similar series of experiments was carried out on young growing rats. 
The animals were weaned when they were 28 days of age, and were then 
placed on a vitamin A free diet until their stores were depleted. Certain 
of the animals were given 375 units of vitamin A in the form of cod liver 
oil, by stomach tube; others received, respectively, 564 and 620 units. 


1 | 5 
2 | 6 
31 
4 8 

9 

10 

Series I]. Young growing animals reared on a vitamin A free diet 

| 23 
12 24 
13 | 
14 | 
15 | 
* Unless otherwise stated, all animals received 375 units of vitamin A orally 
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The bile fistula operation was carried out 4 days later. The results are 
given in table 1, series Il. Since vitamin A was administered before the 
operation, the factor of absorption was the same in both groups of rats. 
The vitamin A depletion times of the bile fistula animals were consider- 
ably less than those of the unoperated rats. This difference was shown on 
depleting both groups of animals, then administering cod liver oil, and 
again determining the times of depletion. No consistent results were ob- 
tained when the cod liver oil was injected subcutaneously or intraperito- 
neally. 

A rapid loss in body weight followed shortly after the onset of the appear- 
ance of a straight cornified cell picture in the group of growing bile fistula 
rats. This could be checked and the weight curve could be made to rise 
again by the administration of vitamin A. Previous work had indicated 
that the administration of small doses of vitamin A to the depleted animals 
1 or 2 days before the operation greatly prolonged the survival period and 
decreased the mortality rate. 

The following experiments were carried out in order to evaluate the effect 
of operative procedure on the vitamin A content of the livers of rats. 
Three groups of animals were maintained on the stock diet, which was 
supplemented with 3500 units of vitamin A in the form of cod liver oil, 
over a 5 week period. The animals in the 3 groups were so distributed 
with respect to body weights that the average body weight (about 200 
gms.) of the 3 groups was comparable. The first group was maintained 
as control. A laparotomy operation was performed on the members of 
the second group. Choledochocolonostomy operations were carried out 
on the members of the third group. 

Five days after the operations all of the animals were sacrificed and the 
vitamin A content in the livers of the members in each group was deter- 
mined. The average weight of the livers of 15 rats in the control group 
was 8.6 grams, and the average vitamin A content, in blue units, was 158. 
The average weight of the livers of 10 laparotomized rats was 7.6 grams, 
and the average vitamin A content was 149 blue units. Taking the aver- 
age vitamin A content of the livers of the control group as unity, the aver- 
age loss in vitamin A content of the livers of the laparotomized group was 
6 per cent. The average weight of the livers of 14 choledochocolonosto- 
mized rats was 8.7 grams, and the average vitamin A content was 147 
blue units. Using the prev ous method of calculation, the average vitamin 
A loss of this group was 7 per cent. The difference in the values for the 
average losses is less than the error in the method of estimating vitamin A. 
It is evident that the vitamin A content in the rat livers was not markedly 
influenced by the two operations. 

The effect of icterus on the vitamin A requirements of the rat was de- 
termined. For this purpose, 20 young rats, which had been depleted of 
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their vitamin A reserves, were given 375 units of vitamin A in the form of 
cod liver oil, by stomach tube. Four days later the bile duct was ligated 
and sectioned at a point near the liver. The average time required for 
the animals to show evidence of vitamin A deficiency was 20 days. The 
average depletion time of 4 unoperated rats was 20.5 days. During this 
period marked liver damage had taken place as the result of the icterus, 
yet the vitamin A depletion times of these animals were not markedly 
reduced. It appears probable that the increased vitamin A requirements 
of the bile fistula rats are not due primarily to liver damage. 

Fifteen members of this group of icteric animals were given each 375 
units of vitamin A at the time when they showed evidence of vitamin A 
depletion. ‘The vaginal smears of 2 members of this group returned to 
normal, one on the second day, and the other on the fifth day. The re- 
mainder showed a straight cornified cell picture for periods of 6 to 10 days 
following the administration of vitamin A. A third dose of 375 units of 
vitamin A was administered daily to each of the 7 animals which had not 
responded previously. One of the rats responded on the fourth day, 
while 4 others did not respond within a 10 day period. Two animals died 
on the fourth and fifth day, respectively, without the vaginal smear pic- 
ture having returned to normal. Three of the rats which did not respond 
were then given 10,000 units of vitamin A orally in the form of halibut 
liver oil. The vaginal smear picture of 2 became normal within 3 days, 
while the third died after 4 days without the vaginal smear picture having 
become normal, although there were small amounts of vitamin A present 
in the liver. The depletion times of the 2 icteric rats which had received 
10,000 units of vitamin A were 13 and 15 days, respectively. On adminis- 
tering 375 units of vitamin A to 6 vitamin A depleted, unoperated rats, 
the vaginal smear picture of all became normal within a period of 2 to 
5 days. 

These experiments indicate that, although vitamin A is absorbed from 
the intestinal tract of the jaundiced rat, the amount of a given dose ab- 
sorbed is apparently markedly decreased over that in the control animal. 
It is therefore necessary, in order to restore the vaginal smear picture in 
the jaundiced rat to normal, to administer a considerably larger oral dose 
of vitamin A than to normal rats. 

A possible explanation for the increased need of vitamin A by bile fistula 
rats may perhaps be due to excretion of the vitamin through the bile. 
However, experimental evidence did not support this view. Acidified, 
alkaline, and neutral samples of both rat and dog bile obtained from ex- 
ternal bile fistula animals were extracted with petroleum ether.’ The 
content of vitamin A, as determined by the antimony trichloride test, was 


5 Alcohol was used to break the emulsion. 
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either none or not more than a trace. No vitamin A was found in beef 
bile. The reliability of the procedure used to determine the presence of 
vitamin A in bile was established by the addition of vitamin A to beef bile 
and to a bile salt mixture. It was possible to recover about 70 per cent 
of the vitamin A which had been added. 

Further evidence of the fact that bile contains little or no vitamin A was 
obtained from feeding experiments. Eight vitamin A depleted rats were 
given 2 ce. of ox bile orally daily for periods varying from 7 to 21 days. 
The vaginal smear pictures of none of these animals returned to normal. 
All of them showed a loss in body weight, and 7 of the 8 animals died dur- 
ing the course of the experiment. Daily doses of 5 cc. proved toxic. The 
vaginal smear pictures of 6 vitamin A deficient rats did not return to nor- 
mal when they were fed a petroleum or ethyl ether extract® of 30 cc. of ox 
bile in olive oil daily for periods of 10 days to 5 weeks. All of the animals 
lost weight. Five of the animals died during the course of the experiment. 

A group of rats with external bile fistulas, prepared according to Sawyer 
and Lepkovsky (2), were injected intravenously with a, 500 units of vita- 
min A in the form of an emulsion of a non-saponifiable fraction of halibut 
liver oil in a glucose-gelatin solution, or 6, 500 units of beta carotene (2 
mgm.) similarly emulsified. The bile was collected for a period of about 
36 hours. Only traces of vitamin A were recovered, and none of the caro- 
tene. These findings check with previous reports that bile contains no 
appreciable quantities of vitamin A (3). 

Discussion. The above experiments indicate that the choledocho- 
colonostomized rat is depleted of its vitamin A stores considerably sooner 
under the conditions of the present experiments than the normal rat. 
This cannot be attributed to the effects of the operation itself, to liver 
damage, or to loss of vitamin A via the bile. Furthermore, it is not due 
entirely to decreased absorption of vitamin A from the intestinal tract, 
since the animals which had received vitamin A prior to the establishment 
of the bile fistulas were depleted of their vitamin A stores sooner than the 
unoperated animals. On the basis of the depletion times of the bile 
fistula rats as compared with the control animals, the amount of vitamin 
A which was absorbed was not less than 60 per cent of the doses which 
were administered. 

The depletion times of icteric rats which had received vitamin A before 
the operation were not essentially different from those of normal rats 
despite the fact that in icteric rats there is extensive liver and other tissue 
damage. It was found necessary to administer considerably larger doses 
of vitamin A to vitamin A depleted icteric than to unoperated vitamin A 
depleted rats. It is not possible at this time to state whether the decreased 
net utilization of orally administered vitamin A by the icteric group is due 
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to a decrease in absorption or to a decreased utilization by the other 
damaged tissues of the body. The fact that the depletion times of the 
icteric rats which had received vitamin A before the operation were not 
markedly altered as contrasted with the normal group indicates that the 
decreased depletion time, when vitamin A was administered after the 
operation, was probably due to decreased absorption. 

The data do not indicate in a positive way the reasons for the more 
rapid depletion of vitamin A in the bile fistula rats. 

Bile fistula rats do not become anemic. The spleens are very often 
small. Some of the rats, especially the males, when maintained on a high 
sugar diet, often bleed spontaneously from the intestinal tract. Some of 
the pasate exhibit decreased coagulability of the blood. This condition 
usually does not develop until several weeks after the bile fistula opera- 
tion. Bile feeding tends to correct the condition. In some cases, although 
not invariably so, ulcers are present in the intestinal tracts. The site is 
not related to the site of the operation. Some of the rats show edema in 
the tissues of the neck, especially in the lymph nodes. The lungs are 
often a bright red color. Hawkins and Whipple (4) have reported some- 
what similar findings in bile fistula dogs. 

SEcTION II. Some aspects of the vitamin A requirements of the rat. The 
experiments which are described below were carried out in order to deter- 
mine what effects, if any, certain factors, such as age, growth, ovariectomy 
and thyroidectomy, have on the vitamin A requirements of the rat. 

Young female rats, which had been weaned at 28 days of age, were 
reared on a vitamin A free diet until, on the basis of their vaginal smears, 
their vitamin A stores were depleted. Each animal was then given 375 
units of vitamin A, in the form of cod liver oil, by stomach tube. The 
operations were performed 4 days later. Insofar as possible, the rats were 
divided so as to distribute litter mates between control and experimental 
groups. For purposes of serving as controls in the successive experiments, 
since it was impossible to carry out all of the experiments simultaneously, 
certain of the animals which had served as controls in one experiment, 
after depletion of their stores, were given vitamin A and were used as 
controls in the next experiment. All of the animals had the same nutri- 
tional history and were approximately of the same age. All of the data 
which were obtained in each of the experimental series have, for statistical 
purposes, been treated as a whole and conclusions have been drawn there- 
from. 

The data for the various groups of normal control animals are given 
in table 2. It is evident that the time required to deplete the vitamin A 
stores of the rat, when the given dose of vitamin A was administered, i 
within the limits of the ages and body weights of the animals studied, in- 
dependent of these factors. These data check with the data which were 
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obtained in section I of this paper. The average age of the normal adult 
rats reported in the first section of this paper was about 10 months, and 


TABLE 2 


Relation of body weights and ages of avitaminosis A rats to the depletion time following 
administration of 375 units of vitamin A 


iHT 
iHT 


iHT 


iHT AT BE- 


GINNING OF EXPERI- 


STATISTICAL CONSTANTS 
CALCULATED 


MAXIMUM WEI 
VITAMIN UNITS* 


TIME TO ATTAIN MAXI- 
MUM 


NUMBER OF ANIMALS 
MAXIMUM WEI 
DEPLETION TIME 
DAILY WEIGHT GAIN* 
DAILY WEIGHT GAIN TO 
WEIGHT GAIN PER 100 


BODY WEI‘ 
| WEIGHT GAIN PER 100 


| WEIGHT GAIN® 


| 


Series I 


Average values 
P. E.t 


P. E. of mean 


Average values 
o 
P. E. 


of mean 


grams 


Average values 


o 


grams | gram 

336.6 
10.85 13.03 
7.32) 8.79 


1.13) 1.36 


Series II 


20.4 
7.81 


20... 
2] 


5 
5 


- 27 


0.4 


1.09) 1 


Series III 


10.6 1: 
1.99 


15 


1 | 0.45 


ms | grams 
45 
34 
.23 


0.05 


9.8 
3.0 
2.0 
0.31 


0.49 


0.32 


>.09 0.13 
0.09 


0.03 


0.10 
0.07 
0.03 


P. E. 1.34 11 


P. E. of mean 0.51 ‘ 9) 55 


Series 


23.2 |23.0 | 0.35 
3.97) 3.52) 0.21) 
2.68} 2.37) 0.14! 
82) 1.19, 1.06) 0.06 


0.43 
0.21 
0.14 
0.06 


181 6.6 
2.84 
1.91 

0.86) 


Series V and VI 


3 '30-39| 183 {10.0 [11.0 [23.6 [25 


Average values 
o 
P. E. 


of mean 


Average values 3 | 0.42) 0.42) 


* These values cover the period from the time of vitamin A administration to the 
time of vitamin A depletion based on the vaginal smear picture. 
+ P. E. = probable error. 


the average body weight was 230 grams. The average time required to 
deplete the vitamin A reserves, when a dose of 375 units was administered, 


2 
eeks tay grams | gre gran 
43 10 | 24.1 |29.6 | 1.51) 1 
2.07) 4.89) 0.41) 0 3.1 
1.39, 3.30) 0.28) 0 2.1 
24 15 | 154 || 24.7 |29.7 | 0.83) 0.86) 6.3 | 6.8 
4.52) 5.73) 0.37) 0.35) 1.9 | 2.3 
3.04) 3.86) 0.25) 0.24, 1.3 | 1.5 
0.63) 0.81) 0.05, 0.05) 0.27, 0.32 
§ | 20 | 171 24.8 |25. 2.9 | 3.5 
3.04, 3.86 0.5 | 0.8 
0.3 | 0.6 
0.13] 0.21 
6 | 25 7 2.0 
2 0.7 
0.5 
0 2} 0.22 
2.5 | 2.5 
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was 23.5 days, with a standard deviation of 2.74, a probable error of 1.85, 
and the probable error of the mean of 0.62 day. 

The procedure employed to study the relation of the ovary to the vita- 
min A requirements of the rat was essentially the same as was used in the 
other experiments which are described in this paper. Vitamin A was 
administered 4 days prior to the operation. The time required to de- 
plete the vitamin A stores of the rats subsequent to bilateral ovariectomy 
or ovary transplantation in ovariectomized rats’ was determined. The 
restoration of the sexual cycle was used as evidence of successful ovarian 
transplantation. A group of unoperated rats and a group of rats on which 
a laparotomy was performed were used as experimental controls. The 
data are given in table 3, series I. The data obtained in series II of this 
table were obtained by depleting the vitamin A reserves of these animals, 
then administering 375 units of vitamin A, and again determining the 
depletion time. The calculations are given as per cent of the values which 
were obtained on the normal group of animals. 

The data indicate that, within the limits of error in the methods em- 
ployed, the ovary is without influence on the vitamin A requirements of 
the rat. It is noteworthy that the weight increment, per 100 vitamin A 
units, in both of the experimental series, is greater in the ovariectomized 
group than in the other groups of rats in the first experimental series 
This indicates that the added weight of the animals did not increase their 
vitamin A requirements. On the other hand, the effect of ovarian trans- 
plantation is to decrease somewhat the weight increment per 100 vitamin 
A units without, however, materially affecting the total vitamin A require- 
ments of the rats. This effect can be attributed to the operative procedure 
since the same effect is shown by series I of the laparotomized group. 
This conclusion is substantiated by the fact that normal values were ob- 
tained in the second series in both the laparotomized and in the ovary 
transplant group. 

The uteri of the unoperated and ovarian transplant groups which had 
been maintained on low levels of vitamin A were markedly hypertrophied, 
while the uteri of the ovariectomized rats which had been maintained on 
a similar diet were atrophied. This indicates that the hypertrophy of 
this organ is dependent, in vitamin A deficiency, upon the ovary. 

For purposes of studying the influence of thyroid activity and of dini- 
trophenol on the vitamin A requirements of the rat, young vitamin A 
depleted rats of 80 to 120 grams body weight were given 375 units of vita- 
min A in the form of cod liver oil by stomach tube. The animals were 
divided into groups which have been designated in table 3. The thyroid 

6 The ovaries were transplanted subcutaneously or next to the thyroid gland. 


The vaginal smear picture was not influenced by the technique used in taking the 
smears. 
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operation was carried out 4 days after administering vitamin A. Part of 
this group of animals received desiccated thyroid tissue orally, while the 
rest did not. The thyroid tissue was found to be free from vitamin A 
The data given in series II of the thyroid experiments were obtained by 
depleting the rats of the first series of their vitamin A stores and subse- 
quently administering 375 units of vitamin A orally. Administration of 
desiccated thyroid tissue was discontinued for several days before the 
second dose of vitamin A was given. 

The data given in table 3 indicate that the removal of the thyroid gland 
markedly prolonged the vitamin A depletion time. The body-weight 
gain was markedly reduced both in absolute amount and when calculated 
per 100 vitamin Aunits. The basal metabolic rate of the thyroidectomized 
rats was 30 to 40 per cent less than that of the normal animals. The peak 
of the weight curve was reached at approximately the same time as in 
the case of the normal group. Feeding of desiccated thyroid tissue in the 
stated doses to thyroidectomized rats led to a reduction of weight gain 
as compared with the control groups. This is due to the acceleration of 
the metabolic rate. The vitamin A depletion time was practically that 
of normal rats. The effect on the weight gain of the unoperated group 
of rats which were given thyroxine varied somewhat depending on the 
length of time during which thyroxine accelerated the metabolic rate. 
In the first series the depletion time was normal due to the fact that there 
is a considerable latent period following thyroid administration. The 
dosage was increased in the second series. The thyroid effects were cumu- 
lative. The vitamin A depletion time was markedly reduced. 

Under the conditions of the experiment, dinitrophenol did not markedly 
influence the vitamin A depletion times despite its well known effect in 
raising the basal metabolic rate. This is especially shown in the case of 
those animals which received dinitrophenol orally and in which the weight 
loss was considerable. 

Discussion. The data indicate that, within the limits of age and body 
weights of the rats used, the vitamin A requirements are independent of 
these factors. The meaning of this is not entirely clear. On the basis of 
these data, the vitamin A requirements cannot be strictly proportional to 
the amount of tissue of the animal. This, of course, would be anticipated, 


since fluids, the skeleton, adipose tissue, and glycogen stores, which con- 
tribute to the body weight, probably do not require vitamin A. On the 
other hand, the vitamin A requirements cannot be assumed to be strictly 
proportional to the amount of such a tissue as muscular tissue, since the 
amount of the latter must vary greatly with the weight and age of the 
animal. Possibly, although this has not been proved, the vitamin A re- 
quirements may depend on the amount of nervous tissue. Although this 


UJ 


466 JOSEPH D. GREAVES AND CARL L. A. SCHMIDT 


may vary somewhat with the age and weight of the animal, the variation 
is probably less than that of the amount of the other tissues. 

The findings that the vitamin A requirements are independent of ovarian 
function are in agreement with the results of Mason and Wolfe (5), who 
report that complete castration led to no significant difference in the time 
of appearance of continuous cornification or of xerophthalmia in femal 
vitamin A deficient rats. The present experiments are an extension of 
this work. In connection with the present data, the results of Kudrjashoy 
(6) are of interest. His data indicate that the absence of vitamin A has 
no hindering influence on the synthesis of follicular hormone. 

The present data point to an interrelationship between the thyroid 
hormone and vitamin A. This is in harmony with the previous reports of 
von Euler and Klussmann (7), Fasold and Peters (8), Eufinger and Got- 
tlieb (9), Abelin (10), Mitzkewitch (11), Coplan (12), and Parhon and 
Werner (13). The nature of this interrelationship is not clear. On the 
basis of the dinitrophenol experiments, it seemingly is not a question of 
metabolic rate. However, it must be borne in mind that the action of 
dinitrophenol and that of thyroid hormone are, in many respects, not com- 
parable. A possible explanation is that the antagonism between the two 
substances is confined to the nervous system. This has not been proved. 
Possible support for this hypothesis may perhaps be found in the results 
of Mellanby (14) and others (15), which show that avitaminosis A is fol- 
lowed by characteristic changes in the nervous system. The thyroid 
hormone likewise appears in part to act through the nervous system (16). 
However, until further data are obtained on these subjects, any hypothesis 
must be regarded as wholly speculative. 


SUMMARY 


1. Experiments which are based on the depletion times of avitaminosis 
A rats after administration of given doses of vitamin A are described. 

2. The data indicate: a. Laparotomy is without appreciable effect on 
the vitamin A requirements of the rat. 6. The vitamin A requirements of 
choledochocolonostomized rats are greater than those of normal rats. . 
The bile is not a channel for the excretion of vitamin A. d. The livers of 
choledochocolonostomized rats do not contain less vitamin A than unoper- 
ated rats maintained under the same conditions. e. The vitamin A re- 
quirements of icteric rats do not differ materially from those of normal 
rats. f. Although vitamin A, when administered by stomach tube to 
the icteric rat, is absorbed, the amount is less than in the case of the nor- 
mal rat. g. The vitamin A requirements of the rat are, within the limits 
studied, independent of the age and the body weight. h. No relationship 
exists between the vitamin A requirements of the rat and the ovary. 17. 
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The vitamin A requirements of the rat may be increased by administra- 
tion of thyroxine or desiccated thyroid tissue. In thyroidectomized rats, 
the need for vitamin A is decreased. 
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This study is based on the determination of the energy of metabolism, 
under standard conditions, of 639 male and 828 female human subjects 
selected as normal individuals from a series of determinations made on 
more than 80,000 individuals, which is now in the course of statistical 
analysis. Preliminary reports have been previously published, but since 
these were issued, supplementary observations have been added to the 
normal series, and the whole data have been rechecked and reanalyzed. 
The results presented here constitute the definitive findings for this group 
of data. 

The phrase “‘basal metabolism” as well as the German term “‘Grundum- 
satz’’ was of advantage in the early days of the investigation of the energy 
of metabolism in that it emphasized the necessity of carefully excluding 
all determinations not carried out under the strictly standard conditions 
which are intended to exclude the effects of the influence of food, previous 
exercise, muscular movement, mental and physical irritation, fear, restless- 
ness, and the elevation of body temperature as well as extremes of environ- 
mental temperature. Unfortunately, the use of the term has led in recent 
years to the almost subconscious acceptance of the erroneous idea that, 
of any two or more determinations carried out on the same individual, 
the lowest or the lower group of such a series were the correct ones, and 
that the higher ones were vitiated by the presence of some unknown dis- 
turbing factor. Variability is a universal biologic phenomenon; it must 
be taken account of by proper statistical methods and not excluded by ¢ 
predetermined selection of results. On account of the well established 
use of the terms we do not consider it advisable to change them, although 
we agree with Krogh that the term “standard metabolism,”’ if it had been 
used originally, would have been preferable to “basal metabolism.’ We 
hope that our treatment of the subject in this series of papers will help 
to correct the erroneous notion that there is a single lowest “‘basal’’ me- 


1 Bureau of Vital Statistics, Washington, D. C. 
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tabolism for each individual, and to emphasize the fact that metabolism 
is a variable quantity that can be standardized, but not absolutely fixed 


The individuals included in the group were selected from the larg: 
clientele that were examined in the basal metabolism laboratory of The 
Mayo Clinic since 1917. They comprise two main groups: 1, the indi- 
viduals up to about 17 years of age, who were mostly Rochester school] 
children and were considered normal by the school physician, and 2, the 
adults, who were either Mayo Clinic employees, professional and non- 
professional, or patients at the clinic. For the selection of the patients in 
the adult group, the medical histories were examined carefully, and from 
them were chosen individuals whose symptoms and physical findings gave 
every reason to assume that they had no disturbance of metabolism. It 
should be explained that a great many individuals receive routine exami- 
nations in this institution, who have no particular complaint, but who have 
asked for a ‘‘checkup” examination. Others have only trivial symptoms, 
and others still, although subject to some organic lesions (for example, 
hernia, ocular defects, minor injuries) cannot be considered reasonably to 
have any disturbance of metabolism. The adult group consists of per- 
sons from all parts of the country and from the various social strata of 
their respective populations, and in that sense this group is fairly repre- 
sentative of the country as a whole. Unlike the adult group, the children 
were, in the main, born and brought up in Rochester, and therefore open 
to the criticism of being representative of only a particular locality. To 
offset this, in part, it should be pointed out that this group includes chil- 
dren from all the classes of the Rochester population, inasmuch as there 
are no private schools in this city. Also there is no endemic goiter at the 
present time in Rochester, so that this factor of influence on the level of 
metabolism does not affect our results. So far as doubting the “normality” 
of this series is concerned, other considerations, which it will be well to 
mention here, diminish the importance of whether particular individuals 
should have been allowed in this ‘‘normal”’ series. Our conclusions, as 
will appear later, rest on a systematic analysis of the series, in yearly age 
groups, and the homogeneity that appears in the data when studied in 
relation to age gives conviction to the results as a whole. Furthermore, 
the individuals on whom they are based had been examined thoroughly 
by a group of competent physicians who had not considered any one of 
them in any sense as presenting conditions that require attention for a 
disturbance of metabolism. The clinical application of the estimation of 
basal metabolism is to determine whether there is any evidence in this 
determination which would cause the physician to consider that he is 
dealing with a problem of altered metabolism. Our series, therefore, is 
appropriate for the standardization of metabolism for clinical purposes, 
and because of the good cross-section of the country population that it 


470 W. M. BOOTHBY, J. BERKSON AND H. L. DUNN 


affords, it also is appropriate for use in studying the broader problem oj 
the effect of such factors as race, climate or geographical influence on the 
energy of metabolism. 

The calculations used for the erection of our standards have been made 
from the first determination made for the individual, unless at the time 
of the test and before its calculation, it was noted as ‘‘unsatisfactory”’ for 
reasons of restlessness, observable nervous tension, or an elevated temper- 
ature. Even in cases in which several observations were made either on 
the same or different days, the first only was used for this study. In 
consequence, the element of training is excluded from our normal stand- 
ards, even as it is in clinical application or as it would of necessity be in a 
comparative study of any large group of individuals. It would be beside 
the point to define a physiologic normal which was set up under conditions 
which might appear theoretically ideal, and then apply that standard to 
the different conditions which must obtain in nearly any type of investi- 
gation which utilizes a large number of individuals. If many determina- 
tions are made on an individual and, of these, either the mean or lowest 
is used, the results will depend on the number of determinations which 
have been made for each case. Where a mean of several determinations 
is used, the value is slightly lower than the mean of first determination 
for many similar individuals, and of course this is true for the lowest 
determination. Therefore, if one departs from the practice of using a single 
determination made under standard conditions, the number of determina- 
tions should strictly be identical for each individual. That this condition 
would limit most investigations to few individuals is obvious, and there- 
fore we consider that a standard should be built strictly on the single 
determination. 

The method of determining the metabolism was the gasometer or open 
circuit method with duplicate analysis of the expired air, as described in 
detail by Boothby and Sandiford (2). Each subject came to the labora- 
tory in the morning, without breakfast, from his residence which was 
never more than a mile and a half from the clinic, and before the test, 
rested for half an hour, horizontally on a cot. The use of the gasometer 
method precludes any exercise of arbitrary judgment or prejudice, such 
as frequently enters into the drawing of the line from which the metabo- 
lism is calculated, when a closed circuit type of apparatus is used. The 
gasometer method also greatly decreases the magnitude of the fallacious 
result obtained if, during the experimental period, the subject allows the 
average level of his “reserve’’ or “supplementary”’ respiratory volume to 
change. The gas analyses were executed in duplicate by trained techni- 
cians under carefully supervised conditions, in a laboratory and with a 
staff organized to do more than fifty metabolic determinations daily. 

In this paper the results will be expressed in terms of calories per hour 
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TABLE 1 


Basal metabolism, calories per square meter (DuBois) per hour, means, and standard 
deviations, observed, for age in years to nearest birthday 


| CALORIES PER SQUARE METER PER HOUR 


AGE NEAREST | Males Females 
Number Mean Number Mean 
years 
6 23 53.26 3.55 21 50.69 3.35 
7 | 22 52.48 | 2.74 | 24 50.09 2.50 
8 27 51.86 | 2.64 | 25 45.92 2 3 
9 24 50.98 3.18 20 46.37 2.77 
10 23 48.34 3.01 20 45.92 3.08 
11 22 47.70 | 3.03 | 2 46.07 3.16 
12 33 46.94 3.12 27 43.98 2.92 
13 | 21 | 45.47 | 4.22 | 17 43.55 2.96 
14 24 46.55 3.42 16 42.04 3.38 
15 29 46.21 | 3.29 21 39.99 2.94 
16 26 46.08 | 2.40 | 21 39.60 3.15 
17 18 44.78 3.35 | 4 37.35 1.58 
18 4 | 44.95 1.28 9 | 37.33 2.73 
19 11 | 41.79 1.81 30 | 35.70 2.68 
20 4 | 42.52 1.60 18 | 36.73 2.65 
21 10 40.96 2.51 | 23 | 36.27 3.10 
22 3 42.27 | 1.23 | 2 | 35.72 3.25 
23 5 39.46 | 1.44 | 23 #&«*'| 36.23 3.16 
24 s 41.27 2.98 19 | 35.7 2.20 
25 il 40.84 1.88 15 | 36.08 1.61 
26 10 39.15 | 1.82 15 | 36.63 2.50 
27 6 41.42 | 94 13 36.83 1.92 
28 5 40.98 | 2.55 15 | 36.41 2.59 
29 8 41.19 | 261 | 12 35.29 1.47 
30 | 9 40.00 3.79 | 15 35.33 2.06 
31 5 | 39.72 3.39 9 35.63 2.94 
32 12 | 40.31 2.06 12 35.35 2.16 
33 7 38.51 2.14 15 35.93 2.13 
«| 15 | 35.30 2.33 
35 15 | 39.19 2.09 7 35.78 1.08 
36 12 37.66 2.08 10 35.92 1.88 
37 2 | 38.75 | 05 8 34.84 2.26 
38 | 7 39.46 | 1.77 11 35.60 2.48 
39 5 39.94 2.29 12 35.69 2.3 
40 | 11 37.95 2.88 13 35.38 1.96 
41 14 37.89 2.26 13 35.36 1.62 
42 7 37.71 2.83 12 36.06 2.70 
43 14 | (37.15 2.94 15 35.23 2.11 
44 15 | 39.02 1.85 11 36.80 2 63 
45 9 | 37.74 1.58 12 35.02 1.36 
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TABLE 1—Concluded 


CALORIES PER SQUARE METER PER HOUR 


AGB NBAREST Males | 
BIRTHDAY 


Females 


Standard 
deviation 


Standard 
deviation 


| 
Mean | 


Number | Mean 


38.50 | 2.56 5 | 34.87 
35.00 | 2.17 | 33.80 
37.42 | 35.11 
36.89 | 41 | | 33.91 
37.29 | 1.40 ¢ | 32.58 
36.29 | | 34.50 
35.70 3.06 | | 34.44 
35.43 | 51 | 34.13 
35.52 9% | | 33.24 
35.95 3.27 32.87 
34.67 | 32.76 
37.07 | 33.98 
38.03 | 34.32 
35.22 | | 34.68 
36.93 | 32.35 

| 34.07 
37.30 | 30.73 
37.77 


35.10 
33.28 


‘ 


related to ‘“‘surface area.’’ Here surface area is estimated from stature 
and body weight by the formula of DuBois and DuBois 


S.A. = 0.007184 K W°4 


in which S.A. is the surface area in square meters, W is the body weight 
in kilograms, and S is the stature in centimeters. In another paper we 
shall examine critically the standardization of basal metabolism on a linear 
formulary basis. Suffice it here to say that our conclusion is that no 
better method than the one of “surface area” is at hand and that this 
method has certain distinct advantages over the linear method. To 
avoid repetition hereafter, when we shall use in this text the phrase “‘sur- 
face area,’”’ it is to be understood that the surface area has been estimated 
by this formula. 

The male and female series were analyzed separately. For each yearly 
age group as of nearest birthday? the mean and standard deviation of the 

2 Our data were assembled and analyzed in yearly groups on the basis of age at 
nearest birthday. However, since it is customary to express age as at last birthday, 
our final standards are so expressed. 


472 
| 
— 
| 

years | | | 

| 2.04 
48 5 2.46 
49 | 9 | 2.19 
50 9 .78 
51 8 14 
| 15 | | 9.96 
53 3 | 33 
54 6 2.24 
55 5 1.74 
56 6 | 2.28 
57 6 | | 2.01 
58 3 
59 | 6 | | .79 
60 | 5 46 
61 3 | 15 
62 89 
63 2 21 
64 3 | 

65 4 P| 2.87 
68 11 | 2.72 


ENERGY OF METABOLISM OF NORMAL INDIVIDUALS 473 


metabolism, expressed as calories per square meter per hour were calcu- 
lated. The results are given in table 1. In figure 1 the means and stand- 
ard deviations are plotted with smooth curves drawn to the observed 
points. The smoothing of the curve of means was executed methodically 
and with care. With so complex a curve, it was impracticable to at- 
tempt to fit an algebraic function for the entire range of age by a method 
such as least squares. Instead, a method similar to that used for fitting 
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Fig. 1. Smooth curves drawn to observed means and standard deviations, calories 
per square meter (DuBois) per hour. 


actuarial curves was utilized. Limited portions of the data were tenta- 
tively fitted with simple parabolic curves by least squares, and the entire 
series then fused graphically. The curve fitted to the standard deviations 
was obtained similarly, but since the variation of these was not large, as 
simple a curve as possible was drawn. The numerical values correspond- 
ing to the standard curve of means is given in table 2, as of age in whole 
years, last birthday. These values were obtained by reading from a 
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TABLE 2 


Basal metabolism, mean calories per square meter (DuBois) per hour; smoothed values 
for age in whole years as of last birthday 


CALORIES PER SQUARE METER PER HOUR i] CALORIES PER SQUARE METER PER HOUR 
| 


Males Females | Males | Females 


| 
| Standard 
| deviation | 


| Stand- 
ard 

devia- 
tion 


| Standard | 


| | 
Mean Mean | deviation Mean 
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graph of the curve drawn on finely divided paper. Since the values are 
to be applied to the age as of last birthday, they were read half way be- 
tween the age indicated, and the next succeeding age. For instance, age 


| 

DAY DAY 

years | | years | 

6 | 53.0 | 

7 | 52 

| 

9 | 49 

10 48 

11 | 47 

12 46 

13 46 

14 46 

15 | 46 

16 45 

17 44 

18 42 

19 42.2 | 

20 41m | 

21 41.8 | 

22 40m | 

23 40m | 

24 | 

25 | 40m | 

26 | 40 | 

27 40 

28 398 | 

29 300 | 

30 | 30 | 

31 | 30m | 
32 | 30m | 
33 308 

34 30m | | 
35 

36 33 
37 38 
38 | 38 | 
39 | 33 2* 
40 38 | 
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20 years is meant here to apply to the group of individuals between 20 
years and 21 years of age; hence for the 20-year value the metabolism 
corresponding to the age point 20.5 years on the graph is given. For the 
younger ages, where the mean curve shows a metabolism rapidly changing 
with age, it was felt desirable to evaluate the metabolism for intervals of 
half a year at certain points. These values are given in table 2a. In 
this table, where no value is given for the half year, the value correspond- 
ing to the last whole year is to be used. Wherever the subdivision of the 
age is made into half years, the value corresponding to the whole year 
will also change. In table 2, for instance, age 8 years is intended to be 


TABLE 2a 


Basal metabolism, mean calories per square meter (DuBois) per hour. Supplementary 
table, smoothed values for age last birthday to half years for certain ages below twenty 
years. Where no value is given for the half year, the value corresponding to the last 

whole year is to be used. 


MEAN CALORIES PER SQUARE MEAN CALORIES PER 8QUARE 
AGE LAST METER PER HOUR AGE LAST METER PER HOUR 
BIRTHDAY _ BIRTHDAY 


Males 


Females Males Females 


year and half year and half 
year | year 


53.0 | 50.6 13 
13} 
14 
14} 
15 
154 
16 
163 
17 
17} 
18 43.: 
183 42 
19 42.5 
193 42 


to 
~ 


applied to individuals between 8 and 9 years of age, and therefore the 
metabolic value, which is given, corresponds to the point 8.5 years. In 
table 2a, age 8 years is intended to refer to individuals between 8 and 8.5 
years of age; therefore, the metabolic value was read from the graph at 
the age point 8.25 years. 

After the curves for the means were drawn, the goodness of fit of the 
curve was tested as follows: The difference between the observed mean at 
each age and the value given by the fitted curve at the corresponding age 
was expressed as a ratio to the standard deviation of this mean. For this 
purpose the standard deviation of the mean was calculated from the 


$75 
6 9 ¢ 
6} 
7 | 
74 
8 
8} 
9 | 
9} 
10 
103 
11 
11} 
12 3 36.6 
12} ) 
| 
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smoothed instead of the observed standard deviation, as the former is 
the more reliable. The formula for the standard deviation of the mean, 


Os 
under these circumstances, is given by om = me where om is the standard 


deviation of the mean, o, is the value of the standard deviation of the 
distribution given by the smoothed curve, and n is the number of indi- 
viduals used in the calculation of the mean. The more usual formula, 
using n—1 instead of n in the denominator, is appropriate when only a 
single observed standard deviation is available for the distribution. Now 
if the observed means are distributed about the smoothed curve as random 
samples from a set of true values represented by the curve, the distribu- 


n = +0047 


Deviation of 


Fig. 2. Test of goodness of fit of mean curves: distribution of deviations of the 
means from the smoothed curve, each deviation expressed in ratio to the standard 
deviation of the pertinent mean. 


tion of the ratios of the deviation of the means from the curve to the 
standard deviations of the means should be Gaussian; the mean of these 
ratios should have the value zero, and the standard deviation of their 
distribution should have the value unity. This is a comprehensive test 
of the goodness of fit of the smoothed curve. If the observed means are 
poorly balanced above and below the smooth curve, the mean of the ratios 
will differ significantly from zero, either positively or negatively. If the 
curve does not follow the means sufficiently closely, that is, if the means 
are scattered more widely about the curve than can be expected as a mat- 
ter of chance, the standard deviation of the distribution will be signifi- 
cantly greater than unity. If the curve follows the means too closely, 
that is, if the curve has not been smoothed sufficiently and has been drawn 


Wie c Meo 
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12 
10 
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~ 
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to follow the points very rigidly,’ the standard deviation will be signifi- 
cantly less than unity. Thus we have each of the possible deviations 
from a good fit tested specifically. In figure 2 are shown the results of 
this test applied to both the male and the female curve of means. We 
see that the criteria for a good fit are amply met. The values for the 


TABLE 3 
Comparison of the Mayo Foundation standard with various bodies of data 


STANDARD DEVIA- 

MEAN TION DIFFERENCE 
DIFFERENCE FROM MF 
OBSERVED STANDARD 

M.F. STANDARD CORRECTED FOR 


STAND- 


SERIES, AUTHORS 


NUMBER ABOVE M.-F. 
NUMBBR BELOW M.F. 8STAND- 


square meter 
per hour 


square meter 


TOTAL NUMBER 

AGE — RANGE 

Calories per 
per hour 
standard 
mean 


Per cent of 


| Calories per 


| 


Females 


years | 


Mayo Foundation....... | 6-70! 405 | 423 0.0' 0.0 
Harris and Benedict (4) | 15-74 4; -1.0 
Magnus-Levy and Falk (10)...| | 7-14 1] +2.5 
Magnus-Levy and Falk (9).... | 17-40) 1k 7\+13.0 
Palmer, Means, and Gamble | | 
| 20-24, 3/ 0} —2.9 
| 17-20) 6| & 3.3) -8.9 


Males 


to 


Mayo Foundation 6-64) 315 0.0 


~ 


Bierring (l)..... 7-19) 18 3.3) —7.0 
DuBois (boy scouts) (3).......| 8 | 12-14) | +5 +6.1 
Harris and Benedict (5).......| 136 16-63) 
Harris and Benedict (6).......| 31 | 19-44) 
Magnus-Levy and Falk (11). f 6-17) 
Magnus-Levy and Falk (7)....| 13 | 7-17) 
Magnus-Levy and Falk (8) | 22 56 


to bt t 


wwe 


Palmer, Means, and Gamble | 

Smith (14).... 19-29] 


means of these distributions are zero and for the standard deviations 
unity, well within significant limits. 
We consider therefore that the curves represent well the means of the 


3 If the curve were expressed algebraically, this would be equivalent to the situa- 
tion where too many constants had been employed in the function for the curve. 


| | 
LEVEL 
| — 
| 
| 
2.6 6.9 
2.8 7.8 
2.6 5.8 : 
3.1 8.5 
2.3 6.4 
2.6 6.9 
89 $86.7 
27 5.7 
4 5.2 
4 6.0 
a7 | 6.7 
4 
3 6.9 
9 4.8 
0 8 | —2.7| —6.8 2 3.0 
8 8 | —0.1; —0.2) 1.5 3.6 
4 58 | —4.5)-—10.3) 2.3 5.4 
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metabolism expressed as calories per square meter per hour at the various 
ages for this series of data. The use in connection with these values of 
the determination of the variability of metabolism measured as standard 
deviation will be discussed in what follows. 

A comparison of the Mayo Foundation Standard with some of the 
various bodies of data collected by other authors has been made and the 
results are summarized in table 3. We have not attempted to include in 
this table all published series of data, but only made the necessary calcula- 
tions for a number of representative ones. The table presents the com- 
parisons practically as does Stark (17) and gives in addition some other 
summary facts. The means of the differences between observed values 
and the Mayo Foundation Standard values, as calories per square meter 
per hour, are given in the fifth column and in the next column these are 
given as a per cent of the mean of the standard values. Where the mean 
difference is positive it signifies that on the average the observed data are 
higher than the Standard, and when negative, it signifies that they are 
lower. This gives an average measure of the difference in level of the 
data examined and the Mayo Foundation Standard. In the next to the 
last column is given the standard deviation of the differences of the ob- 
served values from those given by the standard curve after the latter has 
been corrected by a constant equal to the mean difference in calories per 
square meter per hour.‘ In the last column this is expressed as a per 
cent of the mean of the standard values. These measure the scatter of 
the observations about the Mayo Foundation Standard, the latter raised 
or lowered so as to make the standard mean equal to the observed mean; 
essentially it reflects here the degree to which the variation with age in 
the observed data agrees with that represented by the Mayo Foundation 
Standard curve. 

One may observe in table 3 that there is a significant difference of level 
among various data collected by different workers. On the other hand if 
the difference of level is adjusted, the standard deviation is generally about 
as small as that shown by comparing these data with standards built 
specifically to fit the data themselves. From this we may conclude that 
the age changes shown by these various bodies of data are in general agree- 
ment with those depicted by the Mayo Foundation Standards. 

It is an important matter to discover the source of the differences in 
general level of metabolism found by different workers, but it would be 
futile to attempt to do this as part of this presentation. However, a few 
pertinent observations may be made. In various studies there has been 


‘ This figure can be easily obtained from the mean and the mean square of the 
differences from the uncorrected standard by the relation « = “mS — M? where 
mS is the mean of the squares of the observed differences, and M is the mean of these 
differences. 
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a consistent tendency to select the lowest obtainable determination as 
the most representative. The amount of selection has varied; in some 
instances it has been extreme. We believe that this accounts at least in 
part for the fact that most observations fall below ours, since we have 
regularly accepted the first determination, as has been explained previ- 
ously. Probably there are also other factors involved, such as race, re- 
gional differences, and climate, as well as differences arising from the varia- 
tion of instruments used; before the precise allocation of these can be 
attempted, some definite determination of the effect of selection will have 
to be made. 

The purpose of determining the mean value of the basal metabolism of 
normal persons, so far as clinical practice is concerned, is to judge whether 
any particular individual differs from the expected mean so much that 
he may be considered probably abnormal. In usual clinical practice the 
difference of a particular observation, from the normal standard is ex- 
pressed as a percentage of the standard, and this value is termed the 
“‘basal metabolic rate” or B.M.R. A B.M.R. of + 20 per cent, for in- 
stance, indicates that the individual has a basal rate 20 per cent above 
the average value found as normal for persons of the same sex and physi- 
‘al build. Now what is wanted is not this percentage figure as such, 
but rather the measure of the variability of normals around this mean, 
in order to gauge whether an observed individual is either probably nor- 
mal or probably abnormal in respect to metabolism. Thus it has been 
the common practice to make the rough assumption that the significant 
normal range of variability is somewhere between +10 per cent and 
+15 per cent on the B.M.R. scale. 

A more direct and precise measure corresponding to this concept would 
be a quantity that gives the definite fraction of normal individuals that 
have as large a discrepancy from the normal average, as does the person 
examined. For instance, if we can say that a given deviation from the 
average is of such magnitude that either 1 in 10, 1 in 100, or 1 in 1000 
normal persons have so large a deviation, we have a definite quantitative 
basis of comparison for estimating the probability that that person is 
abnormal. In this paper we present a nomogram which gives, in addition 
to the usual B.M.R. reading, the probability of normality in the sense just 
described. The establishment of the probability scale was based on the 
“normal’”’ or Gaussian curve, the integral of which has been conveniently 
tabulated. Given the mean (calories per square meter per hour) and 
the standard deviation, at any age, the probability of a departure from 
the mean, which is as large as any given amount, can be read off from these 
tabulations, if one may assume that the distribution of departures from 
the mean metabolism is sensibly Gaussian. We have studied the distribu- 
tion of the variations of metabolism of normal individuals and found that 
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the differences observed from the average metabolism may be considered 
Gaussian. Evidence for this will be more fully presented in a separate 
study of the variability of metabolism in a forthcoming paper. 

For the purposes of making the nomogram simple and easy to use, 


TABLE 4 


Standard values for calories per square meter per hour used at various ages as of last 
birthday in construction of nomogram 


MALES | 


Age last birthday Mean | Age last birthday 


years 


53.00 
52 
51.7 
51.‘ 
50.! 
49.4: 
48.! 


22-23 

24-27 

28-29 

30-34 

35-39 

40-44 

45-49 55-59 
50-54 36.7% 60-64 
55-59 36. 65-69 
60-64 35. 

65-69 34 


* Obtained by extrapolation. 


certain approximations were made. Strictly, we should use at each age 
and for each sex separately, a specific mean and a specific standard devia- 
tion, since both of these vary with age and sex. So far as the mean is 
concerned, our approximations consisted in grouping certain ages in each 


Mean 

years 
6 6 50.62 
7 6} 50.23 
7 19.12 
83 7} 47.84 
9 8 47.00 
9} 8} 46.50 
10 9-10 45.90 
10} 47.71 11 45.26 
11 47.18 11} 44.80 
12 46.75 12 44.28 
13-15 46.35 12} 43.58 
16 45.72 13 42.90 
16} 45.30 133 42.10 
17 44.80 14 41.45 
17} 44.03 14} 40.74 
18 43.25 15 40.10 
183 42.70 15} 39.40 
19 42.32 16 38.85 
193 42.00 16} 38.30 
20-21 41.43 | 17 37.82 
| 37.40 
36.74 
36.18 
35.70 
34.94 
33.96 
33.18 
32.61 
32.30 
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sex at points where the age change was small. The values for mean 
calories per square meter for the grouped ages used in the construction of 
the nomogram are given in table 4. So far as standard deviation is con- 
cerned, since this does not vary considerably, we grouped both sexes 
together and divided the age scale into two parts, that for individuals 
who are less than 20 years of age, and that for individuals who are 20 
years or more of age. For the group of individuals who were less than 
20 years of age, the value for standard deviation was taken as 3 calories 


TABLE 5 


Probability of specific deviations as given by the nomogram and as observed 


PROBABILITY OF AS GREAT OR GREATER DEVIATION—PER 100 CASES 
FROM ‘ 
STANDARD Age less than 20 years 


Age 20 years or more 


CALORIES PER | Normal | Observed | Normal 
SQUARE METER| curve | curve 


nomo- 
| Male 


Observed 


Female gram) Female 


Observed greater than standard 


.O +0.2 0.4 +0.3 0.02 5D +0 

0+0.4/; 1.1+0.4 70 +0 

9+0.6)| 1.4 +0.6 | 2 +0.; +0. 
5.5 +0.8 2.8 +0.9 ‘ 2.2 +0.; 


© 
oo 


141.1] 9641.2] 4.5 | 6. 5.5 +0 
15.0 +1.4| 16.4+41.5| 9.7 | 13.2 - +0 
2 
3 


woe 


| 25.4 41.7 | 28.5 41.7] 1 +1 
| 36.2 41.9] 41.3 41.9| 33. +1. 


7 
3 
9 
1 
1 


Observed less than standard 


| 40.7 +1.9 | 34.941.9| 33.3 | 35.2 - 36.6 +1. 
| 28.0 +1.7 | 22.141.7| 19.2 | 20: 5 |: +1. 
19.2414 | 146415 | +0. 
9.341.2/ 4.5 2 +0 3.7 +0.6 


or WN 


5.540.8| 502409) 1.4 +0.: +0.: 
26406] 25406)| 0.47 09 +0: 2 +0.: 
16404] 14404] 0.13 | +0 2 +0 

| 00402! 0.7403) 0.02 | +0 2 +0.1 


| 
| 


per square meter per hour for both sexes; for the group of individuals 
who were 20 years or more of age, the value 2.5 was used. In the end we 
tested directly to determine whether these small approximations of mean 
and standard deviation had any significant effect in respect of the antici- 
pated probabilities. Table 5 shows the comparison of the probabilities 
of departures of different magnitude for both age groups used, as between 
those given by the nomogram and those directly observed in the data. 
The probable error of the observed percentage is attached in each instance, 
and nowhere is the observed percentage significantly different from the 


PER HOUR 
7 | 
6 
5 | 
4 
3 | ) 
2 | 
1 

| 37.1 

| 25.1 

| 15.9 

| 9.3 

| 4.7 
a | 2.3 

1.0 
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anticipated percentage when the customary criterion of significance of 3 
times the probable error is used. In any case, the differences are gener- 


ally in the order of a fraction of a per cent, and these are trivial 
practical use for which the nomogram is intended. 

The nomogram (fig. 3) gives at one setting of the rule, the B.M.R. as 
usually expressed, in relation to the Mayo Foundation Standard, and also 
the “‘probability of normal.’”” The method of using the nomogram is 
described in the legend. 

So far as the figure reading “probability of normal’”’ is concerned, it 
should be understood that this quantity gives the definite fraction of 
normal individuals who show the discrepancy at hand. In a broader 
sense than the one defined and used in connection with the application of 
the nomogram, the probability that a person examined is normal cannot 
be determined from the nomographic value alone. We have in mind here, 
that the clientele of a clinical practice is not equally distributed among 
normal and abnormal individuals, and that a comprehensive measure of 
the likelihood that a given individual is normal will have to include a 
weighting by the proportion of these two classes that actually obtains in 
the population dealt with. Also, it would have to include an extensive 
study of the variability as well as the mean value of the metabolism of 
abnormal individuals, classified into several groups, similar to the study 
made here for a group of normal persons. Such a study for the popula- 
tion with which The Mayo Clinic deals is under way and will be. published 
in a succeeding paper.® 
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In the preceding paper, the energy of metabolism was considered in 
relation to the surface area, the latter estimated from stature and body 
weight, by the formula of DuBois and DuBois. When we standardize 
metabolism in this way, it is equivalent to using as the standard of metabo- 
lism at any age, a value obtained by the exponential formula: 


ha = Ma X 0.007184 X Wo xx S0.782 


where h, represents the predicted calories per hour specific for age a; M, 
represents the mean calories per square meter per hour used as standard at 
age a; W represents the body weight in kilograms, and S is stature in 
centimeters. 

Instead of this formula for predicting total metabolism, others have been 
advanced, as either equally good or better. Notably, Harris and Bene- 
dict (1), in their exhaustive biometric analysis of basal metabolism, have 
advanced the linear formula: 


in which h represents the calories per 24 hours; S and W represent stature 
and weight as before and A represents age in years; while a, b, c, and d 
are constants determined by statistical methods. 

In view of the extensiveness of the analysis made by Harris and Benedict 
and because of the wide currency given their conclusions, before we erected 
our work on the basis of the surface-area (DuBois) formulation, we exam- 
ined minutely and critically the merits of the linear formulation. This 
was done by using both the data given in the treatise of Harris and Bene- 
dict, and all our own data. It is the purpose of this paper to present the 
results of that examination. F 

The main emphasis in the analysis of Harris and Benedict was an accu- 
racy of prediction, and we shall similarly center our discussion around that 
consideration. It will be appropriate to make several preliminary obser- 
vations with respect to this. The departure of observed metabolism from 
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values predicted by a formula may be regarded as arising from three 
sources: 1, the variability of any particular normal individual’s metabolism, 
when repeated observations are made under standard conditions, around 
the mean metabolism of that individual; 2, the variability of the mean 
metabolism of different normal individuals around the mean metabolism 
of all the individuals in the same specific class (specified for sex and age, 
stature and weight); and 3, the “errors’’ of the formula used, that is, the 
extra variability introduced by the fact that the formula predicts only 
approximately the mean values for the appropriate specific class of indi- 
viduals. Now the part of the total variation comprised in (1) and (2) is 
in no wise related to the formula used, but only that part which is contained 
in (3) has to do with the efficiency of the formula. The variability of 
repeated determinations on the same individual, which is what is comprised 
in (1), has been found to average about 2.5 calories per hour, measured as 
the standard deviation. Taken together with the variability of different 
individuals, which is what is comprised in (2), it amounts to about 3 calories 
in a large representative series. These figures are approximate but they 
will serve to give the order of the accuracy of prediction that can be ex- 
pected in a “perfect” formula. The differences in the accuracy of predic- 
tion that will result from differences in the efficiency of alternative formulas 
used, are bound to be small. One may see this clearly if one considers 
a simple equation which gives the relationship of the total variability to 
several variabilities of which it is composed, if each is measured as the 
standard deviation; this equation is as follows: 


a, = Vo? +o, + 9; 


a, is the total variability, o; is the intra-individual variability, ¢, is the 
inter-individual variability, and o, is the variability assignable to the for- 
mula. It is a consequence of this equation that if the constituent variabili- 
ties are different in magnitude one from the other, the total variability will 
be practically equal to the largest constituent. From this, it follows that 
if any one constituent is not as large as the sum of the others, it can affect 
the total variability only slightly. This can be made clear by an hypo- 
thetical example. Suppose o,; and o, are each equal to 1, and ga; is equal 
to 0.1. Then o,, the total variability, is equal to V 2.01 or 1.42. If.c, 
is now raised to 0.5, the total variability is equal to V2.25 or 1.50. In this 
hypothetical example, o,, the variability measuring the “error” of the 
formula, has been raised 400 per cent, and the effect on the total variability 
is to raise it only 6 per cent. Here one may see the difficulty of comparing 
formulas by measuring the average error of prediction. If several types 
of formulas are fitted to the same set of metabolic observations, each by 
consistent statistical methods, the predictions of all are likely to agree 
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reasonably well with the data to which they were fitted.! In view of what 
has been pointed out regarding the necessary variation of predicted from 
observed metabolism, which arises from the intra-individual and inter- 
individual variability of metabolism, the differences between the accuracy 
of prediction of various formulas that are fitted by consistent statistical! 
methods will be minute. These preliminary remarks are made with the 
purpose of guiding an understanding of the analysis that follows. 

Harris and Benedict used the criterion of accuracy of prediction for 
testing the relative validity of the linear and surface-area method of pre- 
diction. We therefore first applied the same method to our own data. 
For predicting from surface area, we used the mean calories per square 
meter per hour given by the Mayo Foundation Standard (table 2 in the 
preceding paper). For the linear method, it was necessary to obtain 
comparable linear formulas which would apply to these same data. Since, 
obviously, the data are not linear over the entire age range, it Was necessary 
to divide them into groups in which this would be at least approximately 
true. Accordingly, they were divided into three age groups, 6 to 12 years, 
12 to 20 years, 20 years and over. In the last group the age corresponds 
roughly to the age range in the data of Harris and Benedict. We then 
fitted linear equations by least squares to each of the six groups of data 
comprised by the three age divisions of the males and females. It need 
hardly be pointed out that dividing the data into separate age groups before 
fitting the linear equations makes these equations accord more closely with 
the data than if such a preliminary division had not been made. The 
agreement between the predictions by the various equations tested, and 
the observations, was measured as the root-mean-square? of the differences 
between prediction of calories per hour, and observations of this quantity 
for each individual. The root-mean-square or standard deviation from 
predicted values will here be measured in calories. In the preceding paper, 
variation was measured as calories per square meter per hour, since the 
Mayo Foundation Standards with which they dealt are so expressed; but 
in the discussion in which we are here engaged we are to compare our results 
with a linear equation which predicts total calories, hence, for comparison, 
the Mayo Foundation Standards are also used as equations for predicting 
total calories, and differences from such predictions are likewise measured 
in these units. For the Mayo Foundation data, the results are shown 
in table 1. An examination of this table shows that there is no significant 
difference between the agreement of prediction, as between the linear 


1 Unless an extremely inappropriate type of equation is used, which practically 
will seldom be the case. 

2 This term which was used by Harris and Benedict, is synonymous with what has 
been referred to in our discussion as the standard deviation of observed from pre- 
dicted values. 
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and surface-area formulation. In fact, the results are practically identical 
and both give about the best agreement that we can expect, considering 
the inherent variability of the observations. 

A similar analysis was then made of the data presented in the treatise 
of Harris and Benedict. This was made possible by the fact that the 
authors presented their results in detail, and all the original observations 
were made available by them in admirably complete tabulations. For 
the linear equations we used, naturally, those given by Harris and Bene- 
dict. For the predictions by the surface-area formulation, we required 
values for the mean calories per square meter for specific ages. To obtain 
these, we calculated the means from their observations, and after plotting 


TABLE 1 


The Mayo Clinic Series: root-mean-square deviations, observed minus calculated calories 
per hour 


MALES FEMALES 


Surface-area 
method 


Surface-area 


Linear equation method 


| Linear equation | 
Number | ————— 


Per cent 
| of mean 


Per cent | 


> 
Per cent | Calories 


of mean 


| | Percent 
Calories | Calories Calories | of mean 


years 


6-11 | 141 | 3.02 


| | | 
3.01 | 6.2 | 136 | 2. 5. 2.95 
4.78 | 7.2 | 148 3 | 4.32 
4.55 | 6.7 | 3.9 0 | 3.93 


| 


2 
12-19 | 166 | 4.78 | 2 
20+ | 332 | 4.70 5.9 


Surface-area equation: 
h = (Ca. p. sq. m. p. hr.) X 0.007184 K W435 xX §9.736 
Linear equations: 

Male: 6-11 years. = 12.391 + 0.777 W + 0.156 S — 0.461 A 
12-19 years. 13.437 + 0.728 W + 0.198 S — 0.888 A 
20+ years. 4.071 + 0.452 W + 0.256 S — 0.250 A 
Female: 6-11 years. 15.192 + 0.706 W + 0.098 S — 0.052 A 
12-19 years. h 7.516 + 0.420 W + 0.336 S — 1.503 A 
20+ years. = 1.137 + 0.382 W + 0.230 S — 0.109 A 


them, drew a smooth curve to the points. The standard values for calories 
per square meter per 24 hours, which were obtained in this way, are shown 
in figure 1 and tabulated in table 2. We also had available calculations, 
by Harris and Benedict, of the heat production in relation to surface area 
in broad age groups, presented in an early part of their discussion (p. 118). 
Both sets of values, the ones obtained by our own smoothing, and theirs, 
were used, but since there was no appreciable difference in results, the 
values which they gave were the ones used in the tabulations of precision 
of prediction presented in this paper. The data of Harris and Benedict 
were analyzed this way for the three groups which they gave; their main 
adult male series (136), their main adult female series (103) and a separate 


6.4 
7.5 
6.9 
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group of 31 adult males (p. 234), the last particularly appropriate, because 
they were made available to Harris and Benedict after their equations had 
been evolved from their main series. The results are shown in table 3. 
An examination of this table discloses that here again, as in the case of the 


TABLE 2 


Data of Harris and Benedict, smoothed values (by present authors) for standard calories 
per square meter per twenty-four hours 


CALORIES PER SQUARE METER CALORIES PER SQUARE METER 
PER TWENTY-FOUR HOURS PER TWENTY-FOUR HOURS 


Males Females Males Females 


1.028 
1,030 990 ) 847 
1,012 942 846 
997 914 f S44 
979 &94 ¢ 843 
961 842 
947 874 840 
934 871 839 
924 870 5S &38 
920 869 
920 S68 834 
920 867 56 833 
920 &66 : &32 
920 866 &31 
920 865 5f &30 
919 &64 ) &29 
916 864 ) 828 
909 ) 826 
892 862 825 
873 861 823 
860 860 ie 822 
852 860 
849 859 
849 S58 
849 858 
849 857 
849 857 
849 856 
849 853 
849 850 


as 
© 


Mayo Foundation observations, there is practically no difference in the 
precision of prediction of the two formulas. Such slight differences as 
exist are preponderantly in favor of the surface-area formulation. 

These numerical results are at variance with the results of Harris and 


AGE AGE 
years years 
15 S46 
16 842 
17 
18 
19 &29 
20 824 
21 819 
22 S14 
23 SOG 
24 804 
25 799 
26 794 
27 789 
28 783 
29 777 
30 771 
31 765 
32 759 
33 753 
34 747 
35 741 
36 735 
37 730 
38 22 
39 LS 
40 17 
4] 12 
42 1] 
43 
44 | 
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Benedict, who concluded that the linear formulas gave better predictions 
(table 75, p. 192). A careful examination of their work disclosed that the 
source of discrepancy resided in a difference in methods used for predicting 
from the surface-area formula. They utilized for this purpose a single 
value for each sex for the calories per square meter per 24 hours at all ages, 
namely, the mean value for the entire series (p. 178), whereas we used a 


Smooth curve 

by present eatin Mean used by H. and B 
for all ages in predicting 
from surface area 


<4 hours - Male 


Means calculated 
by H. and B 


BE 88 


Smooth curve 
by present authors 


o 


S 
S 


Mean used by H.and B. 
for all ages in predicting 
from surface area 


Means calculated 
by H. and B 


i 
4 16 16 20 22 26 26 W 34 40 42 44 46 46 SO 52 54 S56 56 GO 62 64 668 66 70 


Age - years 
Fig. 1. Data from Harris and Benedict: Mean calories per square meter per 
24 hours. Observed values, values calculated by Harris and Benedict, curve 
smoothed by present authors, and value used by Harris and Benedict in predicting 
heat production from surface area. 


value specific for age. If the surface-area formula is used without modifica- 
tion for age, their conclusion that it will not predict metabolism with as 
great precision as a linear formula in which age is included as one variable, 
is correct. However, if age is included in both formulas, we must conclude 
that both formulations give about equally good predictions, when an 
average deviation for the entire series is used as criterion. 

We do not conclude from this that both formulations are equally appro- 


° 
° 
° | 
° 
° / 
° 
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° 
4 
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980 << 
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priate or useful. On the contrary, we hold that the surface-area formula- 
tion is distinctly the preferable one. The fact is, that the criterion of an 
average measurement of the deviation of predicted from observed values, 
is not a crucial one under the conditions studied here. Under the condi- 
tions of considerable variability inherent in the observations of metabo- 
lism, it would require a very great many more observations than are avail- 
able, to determine whether differences between the accuracy of prediction, 
measured by this criterion, were statistically significant. It is notable 
that Harris and Benedict attached no determination of the probable error 
to their estimation of differences of prediction accuracy. 

Our judgment of the relative value of the linear and the surface-area 
formulation must be made on the implications of these formulations, and 
their relative values as instruments of biologic investigation. Now the 
constants of the formula of Harris and Benedict or of our own linear 
formulas cannot be given biologic interpretation. The constants in the 


TABLE 3 
Data from Harris and Benedict, root-mean-square observed minus calculated calories 
per twenty-four hours 


SURFACE-AREA 
LINEAR EQUATION 
METHOD 


SERIES NUMBER 


> } 
Per cent Celocies Per cent 


Calories 
of mean of mean 


6.3 


Male, main series........ 136 101.7 Ser 102.7 
Female, main series....... 103 106.3 ( 104.8 
Male, supplementary series 31 115.3 113.6 


Harris and Benedict equations for males and females have little resem- 
blance; indeed, the a constant for the females is 10 times that for the similar 
constant for the males. This has the effect of predicting for certain 
statures and body weights a higher metabolism for females than for males 
of the same age, as illustrated in table 4. This is an implication which 
has not been advanced independently as an observation, and is contrary 
to general impression and the findings in our own series of data. It is 
probably attributable to the circumstance that a small number of cases 
(statistically) were used in fitting the equations, and to the fact that the 
same age period in years for which both male and female equations were 
fitted are not physiologically equivalent in both sexes. The further im- 
plication of a linear formula that the decrease of metabolism with age is 
the same at each age is again contrary to observation. In a succeeding 
paper we will discuss the change of metabolism measured as calories per 
square meter, with age, for both sexes, where it will be found that the 
metabolic changes are characteristic in particular age periods. It is diffi- 
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cult to conceive how these or similar studies could be pursued effectively 
in terms of the linear formulation. Finally, as Harris and Benedict empha- 
size, their method of formulation cannot be extrapolated for use in children 
and it would be necessary, as found in the study of the applicability of the 
linear formulation to our own data, to have a series of formulas with dif- 
ferent constants for various age and sex groups. 

In this discussion we have viewed the relation of surface area to metabo- 
lism as an equational formulation. The surface area is here the shorthand 
expression for the height-weight formula of DuBois. Whether or not 
surface area as such is related to metabolism by affecting the rate of cooling 
of the body or through some other physical process would be impossible 
to determine conclusively from such observations as ours. It is possible 
to hold that the height-weight formula gives a fair statistical measure of 
the amount of energy consuming tissue in the body, and that this is the 


TABLE 4 


Illustration of instances in which for the same stature, weight and age, the equations of 
Harris and Benedict predict higher metabolism for females than males 


| 
| CALORIES PER TWENTY-FOUR HOURS 
| PREDICTED BY 
STATURE | WEIGHT | HARRIS AND BENEDICT EQUATION 
| 


| 
| 
| 


Males Females 


cm. 


137 | | ,229 1,241 
143 ; ,212 1,220 
145 | | ,168 | 1,186 
146 ,188 1,199 
135 955 | 1,055 


physical basis of the relation of that formula to metabolism. All we can 
say here is that the hypothesis that when other factors are equal, the nor- 
mal metabolism is proportional to surface area, when this is measured by 
the formula of DuBois, is consistent with all the observations we have 
examined. 

We can add that other calculations which we made, but which do not 
appear worth while to present in detail, would seem to support this view. 
At the expense of great arithmetic labor, we fitted formulas of the same 
exponential type* as the DuBois formula, by least squares allowing the 
constants to take the values which would give good fits, instead of using 
those given in the surface-area formula of DuBois. It was our hope that 
we might in this way evaluate parameters which taken with stature and 

3 That is, where h = k S" W*, in which k, m, n are parameters to be evaluated by 


least squares, and h, S, W are the observed values of heat production, stature and 
weight. 


| 

21 | 
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weight would give better predictions of metabolism. Constants obtained 
in this way would be entirely independent of any a@ priori considerations 
and the method is similar to that used by Harris and Benedict for obtain- 
ing the constants of their linear type of formula. Such a successful com- 
bination, if found, might be interpreted as a formula either for ‘‘effective sur- 
face area”’ or for “active protoplasmic mass.’’ We were disappointed that 
there was no consistency in the exponential parameters so evaluated at 
the various ages. It was interesting that the average value of these con- 
stants for arbitrarily selected age groups was not significantly different 
from the constants used by DuBois and obtained by him in his investigations 
of surface area. Further, taking into account the fact the formulas were 
applied to the data from which they were derived, they did not give impres- 
sively better predictions even at particular ages, than did the surface- 
area formula. Here again, therefore, we found that it was impossible to 
improve on the surface-area formulation. 

We further attempted to investigate statistically whether a correction 
to the surface-area formula could be obtained to take account of the 
build of the body. Such attempts have been made by using indices of 
stature and weight derived from a priori considerations. We approached 
the question objectively on the following basis. If there is a difference in 
the proportionality of heat production and surface area for persons of 
different builds one can expect that there would be a consistent correlation 
between heat production per square meter, and stature or weight or both. 
If the calories per square meter are plotted against height or against weight 
or surface area one would expect a consistent variation from the average 
with high and low values of the body measure. From this correlation, a 
correction factor could be calculated. When we made such a trial, no 
significant correlation was discernible. This is not to conclude that the 
shape or build of the body does not affect the metabolism independently 
of surface area, but only that in the light of the variation inherent in our 
data, and within the range of variability of build represented in our nor- 
mal series, no such effect could be ascertained statistically. 

Discussion. A comparison has been made of the method of standardiz- 
ing normal basal metabolism by means of a linear equation in weight, 
stature and age proposed by Harris and Benedict, and the method of us- 
ing the height-weight formula of DuBois and DuBois for surface area, in 
conjunction with a specific constant for each age. The accuracy of the 
prediction of observed values, using both methods, was compared using 
our data and the data of Harris and Benedict. It was pointed out that 
the variation of predicted from observed values of metabolism is made 
up of the intra-individual and inter-individual variation of metabolism 
as well as the inaccuracy of the formula itself. In view of the considerable 
variation of metabolism among individuals of the same sex, age, stature 
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and weight, the variations of observed metabolism from values predicted 
by formulas employing these variables are also bound to be considerable. 
As a corollary, the differences between the precision of alternative formulas 
fitted by consistent methods and using the same variables will be small, 
since the inaccuracy of the formula contributes only a small part to the 
total discrepancy between the predicted and observed values. Exceed- 
ingly large numbers of observations would be required to determine con- 
clusively that such small differences are significant; hence, the difficulty 
of distinguishing the relative merits of alternative formulas by utilizing 
the accuracy of predictions as a criterion. 

We found no significant differences between the precision of prediction 
of heat production of the linear and “‘surface-area”’ formulas, either in the 
case of our data or those of Harris and Benedict. The contrary conclu- 
sion of Harris and Benedict was due to the omission by them of the age 
variable in applying the surface-area formula. 

Our conclusions favored the surface-area formulation, because of the 
consistency of its implications with observations, and the relatively greater 
simplicity with which it can be used in the study of the change of metab- 
olism with age or other variables. In the use of the surface-area formula- 
tion specific for age, the relationship of metabolism to age can be studied 
independently of its relation to stature and weight, which is an important 
methodological advantage. If we use furthermore, at each age, a func- 
tion of stature and weight (surface area) to which metabolism is propor- 
tional, we can use the simple ratio of the metabolism to this function 
(calories per square meter) to express succinctly the relationship of 
metabolism to stature and weight at every age specifically. It is from 
these formal considerations that the surface-area formulation derives its 
advantages as an instrument of investigation. 


REFERENCE 


(1) Harris, J. A. AND F. G. Benepicr. A biometric study of basal metabolism in 
man. Washington, Carnegie Inst., 1919, 266 pp. 


